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ABSTRACT 
Fluorescence resonance energy transfer (FRET) is used to monitor the metal ion 
dependent conformational change of the UO2
2+
 specific DNAzyme 39E. Inactive metal ions, Mg
2+
 
and Zn
2+
 are found capable of inducing folding between two pairs of stems while the active ions 
UO2
2+
 and Pb
2+
 are not able to bring about the folding in any pairs of the stems. By correlating the 
enzymatic cleavage results, the Mg
2+
 and Zn
2+
 induced folding exerts a counter-productive effect 
on the activities. This result contradicts with the normal productive role that Mg
2+
 plays in the 
activation of ribozyme functions. At reduced ionic strength, even UO2
2+
 and Pb
2+
 can induce 
folding due to the nonspecific electrostatic interaction from their divalent metal ion nature. And 
the progression of Mg
2+
 and Na
+
 concentration leads to an inactive-active-inactive transition in 
the DNAzyme function. Single molecule FRET is also used to obtain kinetics for low UO2
2+
 
concentration at reduced imaging buffer strength. Together with the biochemical characterization 
for the catalytic cores and optimal working conditions, a thorough understanding of this 
DNAzyme 39E is obtained, which might be helpful in the design of sensitive and selective 
DNAzymes.  
FRET is also used to gain step-wise kinetic information of adenosine aptamer structure-
switching sensor. The kinetic information for individual steps (folding and releasing) obtained by 
monitoring FRET process between fluorophores labeled at several positions of the aptamer 
structure switching sensor provides direct evidence for sequential occurrences, as predicted by the 
structure switching principle. The information obtained here will facilitate sensors designed based 
on the structure-switching principle.  
Electrohydrodynamic jet (E-jet) printing is applied to the protein microarray field. With 
the development of multi-nozzle printing system, both single-protein array and multiple-protein 
arrays are successfully demonstrated. Several proteins, such as streptavidin, Green fluorescence 
protein (GFP), mCherry (a red fluorescence protein), et.al, have been printed, proving E-jet 
printing is generally applicable to many types of proteins. The printed streptavidin maintains its 
binding character with biotin, showing the printed streptavidin is still structurally intact and 
functionally active. What’s more, this printing technology has also been employed to 
immunology application. Immunoglobulin (Ig) G from several animal species are printed by E-jet 
printing, and their binding specificities to corresponding secondary antibody, anti IgG, are 
maintained. To prove this technique suitable for more practical applications, an inch-sized array 
with well controlled feature details has been completely in a short period of time. Overall, this 
technique will be a promising candidate for future protein microarray fabrication method.  
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CHAPTER 1 
INTRODUCTION 
1.1. Overview of biomolecules as novel functional materials 
With the fast development of various new technologies and vast amount of biochemistry 
information, biomolecules become a new type of building blocks for novel materials, such as 
nucleic acids, proteins, lipids, polysaccharides and so on. According to the Central Dogma of 
molecular biology, DNA is the genetic information carrier; RNA is transcribed from DNA; 
protein is translated from RNA. Proteins and nucleic acids in nature can be categorized as special 
types of polymers, that is, biopolymers, since they are made up of repeating monomers. However, 
they are different from polymers. Polymers are made up of repeating units of monomers. Proteins 
are made up of 20 amino acids and nucleic acids are made up of 4 nucleotides (A, T, C, G for 
DNA and A, U, C, G for RNA). In addition to the composition information of its repeating units, 
tacticity is used to describe the stereochemistry around the chiral center in polymer. Similar as 
that polymer has several levels of structural information, four levels structural definitions are used 
in proteins and nucleic acids. The primary structure refers to the sequence of the building blocks, 
amino acids and nucleotides. The secondary structure is the ordered structures formed by 
hydrogen bonding linkage, such as α-helix and β-sheet for proteins and base-pairing for nucleic 
acids.  The tertiary structure is the three dimensional conformation of the biomolecules.  For 
example, tRNA plays an important role in the protein synthesis process and its function is 
proposed to originate from its three dimensional structures. And the quaternary structure (only in 
protein) is normally the combined structure of multiple folded protein subunits. The three 
dimensional structures of proteins and nucleic acids are responsible for their various functions, 
which their polymer counterparts even cannot mimic to possess. In order to extend the potential 
applications, many novel nucleic acids and proteins are incorporated with unnatural nucleotides 
and amino acids building blocks. 
 
1.2. Functional DNAs 
1.2.1.   Introduction of functional DNAs 
Functional DNAs belong to a special category in the DNA family. Albeit without 
unnatural nucleotides in composition, they can carry out extraordinary functions, beyond the 
traditional role as a genetic information carrier. Generally, there are three types of functional 
DNAs: DNAzyme (or catalytic DNA), aptamer and aptazyme. DNAzyme is a DNA strand with 
catalytic activity, such as catalyzing cleavage and ligation of nucleic acids, just like those protein 
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enzymes and ribozymes that can catalyze reactions. Aptamer is a nucleic acid strand which binds 
to a specific target very tightly and selectively, similar to antibody and antigen recognition in the 
protein realm. Aptazyme is an allosteric regulated DNAzyme, combining the binding and the 
catalytic features of previous two functional DNA components, like the naturally occurred 
riboswitch in the RNA world.   
The sequences of DNAzyme and aptamer are selected by in vitro selection method.[1-3] 
Generally speaking, starting from a large nucleic acids library with around 10
15
 random 
sequences, certain sequences of nucleic acids with specific binding or catalytic function in 
response to the target molecule are selected. Then the small population of nucleic acids selected is 
amplified into a large amount by polymer chain reaction (PCR). Next, repeated rounds of 
selection in the presence of target molecules are carried out in order to find a small population of 
sequences with even higher binding affinity or better catalytic function from the first round. And 
in principle one or a few nucleic acid sequences are expected to be produced with the highest 
binding affinity and best catalytic property after several rounds of selections.  
These functional DNAs can be integrated as a recognition part with a signal transduction 
platform for various sensors and devices. Most commonly implemented are the optical sensors, 
such as fluorescence sensors and colorimetric sensors. Take a uranyl (UO2
2+
) specific DNAzyme 
39E as an example, fluorescent signal change is observed after UO2
2+
 ions induced cleavage as 
the distance between the fluorophore and quencher pairs are changed due to the release of the 
cleaved products; color change is also detected if gold nanoparticles are linked to the DNA 
strands with a specific strategy.  Especially, the uranyl fluorescent sensors shows extraordinary 
sensing performances: detection limit of 45 pM and a million fold selectivity over other 20 metal 
ions tested, which can rival with inductively coupled plasma/mass spectrometry (ICP/MS) 
detection. However, there are few investigations on the mechanism of those functional DNA 
sensors despite of the vast amount of sensors published. 
1.2.2.  Metal ion and DNAzyme interactions and characterization methods 
Among many types of DNAzymes, one category is metal ion specific DNAzyme. A 
series of metal ion specific DNAzymes have been obtained by in vitro selection method, 
including DNAzymes for Pb
2+
,[4] Mg
2+
,[5] Ca
2+
,[6-7] Cu
2+
,[8] Zn
2+
,[9] Mn
2+
,[10] UO2
2+
,[11] and 
Hg
2+
.[12] The DNAzymes normally have high selectivity for the target metal ion over other 
competing metal ions, such as the UO2
2+
 DNAzyme offers a million fold selectivity over the other 
20 metal ions demonstrated by a fluorescent sensor. However, there are a few reports exploring 
the mechanism for the superior selectivity. A nucleotide is composed of a nucleic base (purine or 
pyrimidine), a pentose sugar ring (ribose for RNA and 2' deoxy-ribose for DNA) and a phosphate 
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group. And the adjacent nucleotides are linked by phosphodiester bonds. DNA double helix 
structure is formed by complimentary basepairing (A with T, C with G) between two single-
stranded DNA, leaving negatively charged phosphate groups facing outside. Overall double-
stranded DNA contains a lot of negative charges. Metal ions have positive charges, which can 
bind to DNA complex by electrostatic interaction. The DNAzyme and its substrate forms a 
partially hybridized complex with the middle part unhybridized. According to G. S. Manning and 
M. T. Record’s polyelectrolyte theory on counterion binding in 1970s, this electrostatic 
interaction is called “counterion condensation”.[13-15] In that theory, two major binding modes 
are defined, one is “site bound” (direct bonding) and “territorially bound” (binding without 
disturbing the inner hydration sphere). With the development of investigations on the relationship 
of metal ions and ribozymes, the binding modes are defined in another way, such as diffusively 
binding (just as charge screening), site bound (outer sphere) (binding with the inner hydration 
sphere of metal ions intact) and site bound (inner sphere) (direct bonding between metal ions and 
ribozyme).[16] Metal ions are found to be critical for ribozyme functionalities. [17] 
Despite the extensive studies on the metal ions and ribozymes interactions, relatively 
fewer reports are on the metal ions and DNAzymes interactions. One of the most thoroughly 
interrogated DNAzymes is the Pb
2+
 specific DNAzyme 8-17 (secondary structure is shown in 
Figure 1.1A). It has been selected by several groups using in vitro selection under various 
conditions.[5-7, 9-10] Both biochemical and biophysical studies have been employed to explore 
mechanism for this DNAzyme. For example, mutation studies and MALDI-MS found a two-step 
cleavage mechanism catalyzed by Pb
2+
 ions, 2', 3'-cyclic phosphate formation and further 
hydrolysis to facilitate the internal transesterification.[18] In addition, fluorescence resonance 
energy transfer (FRET) studies have been applied to the 8-17 system both at bulk[19-21] and 
single molecule level,[22-23] which found Pb
2+
 catalyzed the cleavage reaction without any 
prerequisite conformational change while Mg
2+
 and Zn
2+
 needed to fold first and catalyze the 
cleavage afterwards. Taken those biochemical and biophysical studies together, a detailed overall 
understanding of this Pb
2+
 DNAzyme has been generated.  
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Figure 1.1 The sequence and secondary structures of three DNAzyme relevant to my research projects: A) 
Pb
2+
 DNAzyme 8-17; B) UO2
2+
 DNAzyme 39E; C) Pb
2+ 
DNAzyme GR_5. In all three constructs, the 
DNAzyme and substrate strands are shown in green and black color respectively. The substrates are all 
made of deoxyribonucleotides except one ribonucleotide in the middle shown in red color. When cognate 
metal ions are present, the DNAzyme can catalyze a cleavage reaction at this ribonucleotide position based 
on transesterification mechnism, breaking the substrate into two short strands. D) A scheme of the 
fluorescent sensor based on 39E DNAzyme: one fluorophore and one quencher are attached to both ends of 
the substrate strand and another quencher is attached adjacent to the fluorophore on the complimentary end 
of the enzyme. Initial fluorescence is quenched. After adding UO2
2+
, the DNAzyme catalyzed a cleavage 
reaction at the rA site on the substrate strand, resulting in the substrate strand break into two pieces. The 
short cleaved strand with fluorophore will be released and the fluorescence will be recovered.  
 
On the other hand, although there are a lot of highly sensitive and selective sensor reports 
based the UO2
2+
 DNAzyme 39E (secondary structure is shown in Figure 1.1B), few 
characterizations have been done to reveal the mechanism for its excellent sensing performance. 
With this purpose, biochemical and biophysical analysis methods have been applied to UO2
2+
 
DNAzyme, with an emphasis on the metal induced conformational change studied by FRET 
methods in my research. An important principle in chemistry is that structure determines the 
property. Experimentally, the conformational changes concurrent with catalytic functions have 
been observed for a lot of protein enzymes[24] and ribozymes[25]. For instance, FRET study also 
provides structural explanation for 8-17 DNAzyme to differentiate Mg
2+
, Zn
2+
 and Pb
2+
 in their 
cleavage rates. Here, detailed structural information is expected to suggest the plausible 
mechanism for the great selectivity and sensitivity for 39E DNAzyme, which will be beneficial to 
the design of other DNAzyme sensors in the future.  
In addition, another DNAzyme of my research topic is a Pb
2+
 DNAzyme, GR_5 
(secondary structure is shown in Figure 1.1C), which is the first DNAzyme obtained by in vitro 
selection method.[4] Recently, a fluorescent sensor built on this DNAzyme has demonstrated 
comparable sensitivity towards Pb
2+
 and much better selectivity for Pb
2+
 over other competing 
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metal ions (especially Zn
2+
) than the 8-17 DNAzyme.[26] It is interesting to investigate the 
mechanism of this good selectivity from a structural point view.  
1.2.3. Aptamer and structural switching concept 
As aforementioned, aptamer is another type of functional nucleotide acids. It can bind to 
a specific target selectively. Its recognition with its target is just like the recognition between 
antibody and antigen. In 1990, Tuerk C. and Gold L. employed systematic evolution of ligands by 
exponential enrichment (SELEX) method to obtain a short RNA sequence which can bind to 
bacteriophage T4 DNA polymerase.[27] In the same year, Ellington A. and Szostak J. also used 
in vitro selection methods to generate certain RNA sequences to bind to some organic dye 
molecules specifically.[28] But aptamer are different from antibody in several ways: 1) aptamer is 
composed of nucleic acids (RNA or DNA), so it is much smaller in size than antibody; 2) DNA 
aptamer is more stable than antibody, since antibody is a protein and tends to denature when 
environment changes; 3) the production of aptamer (after the sequence has been selected) is a 
chemical synthesis process, and the quality maintains the same from batch to batch; the antibody 
production is based on the animal immune response, so the quality might be different from batch 
to batch.[29-30] In theory, aptamer for any target can be selected by in vitro selection method. Up 
to now, aptamers for various targets have been obtained, with the targets ranging from small 
molecules,[31] proteins,[32] viruses[33] and even to cells.[34] The aptamer and target recognition 
is proposed to be due to the adaptive recognition.[35] 
Adeonsine 5' triphosphate (ATP) is an important energy molecule involved in cell 
metabolism. Both DNA and RNA versions of ATP aptamer have been selected by Jack W. 
Szostak’s group in 1990s.[31] The two aptamers have decent binding affinity for ATP. The 
dissociation constants are 0.7-8 µM (depending on the salt and Mg
2+
 concentration) and 6 ± 3 µM 
for the RNA and DNA aptamers respectively.[31] Since the ATP DNA aptamer has a similar 
binding affinity as the RNA aptamer but more stable and more cost effective, it has been 
employed in a lot of sensors for ATP detection. This aptamer can not only bind to ATP, but also 
bind to AMP and adenosine molecule with similar sensitivity. [31] 
Structural switching is one of the commonly used concepts for aptamer sensor design. 
The idea is that once the target molecule is present, a conformational change will be triggered and 
a concomitant signal output for detection is coupled. Both fluorescent[36] and colorimetric[37] 
versions of adenosine aptamer sensors have been designed according to structural switching 
principle.  As shown in Figure 1.2, two short complimentary strands (shown in orange and black) 
bind partially to the extended adenosine aptamer strand (shown in purple, grey and green). If a 
pairs of reporting agents are attached to the two short strands respectively, such as fluophore and 
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quencher pairs or gold nanoparticle pairs, upon the binding of adenosine target, the aptamer 
strand will fold to bind the target, disrupting the hybridization with one of the short strands 
(shown in black), resulting in a distance change between the two short strands, leading to a 
certain optical signal change, such as fluorescent or colorimetric signal. 
 
 
Figure 1.2 Sequences and schemes of adenosine aptamer structural switching sensor: A) the sequence of 
the fluorescent sensor: the original adenosine aptamer is show in green color and the extra linker part is 
extended at the 5' end of the aptamer in grey and purple color. Two short complementary strands (non-
releasing strand, SNR in orange and releasing strand, SR in black color) hybridize with the linker and a small 
portion of the aptamer part. Fluorophore and quencher are on the adjacent ends of the two short strands, 
respectively. B) The sequence of the colorimetric sensor. Instead of fluorophore and quencher, two gold 
nanoparticles are attached to the two short complimentary strands via an Au-S bond. C) The scheme of 
structural switching event. In the presence of adenosine, the aptamer strand will fold to bind the adenosine 
molecules, disrupting the interactions of releasing short strand and the aptamer, so the releasing strand will 
be released and optical signals will be observed.  
 
There is no crystal structure for the adenosine DNA aptamer and its folding structure 
upon its target is only characterized by nucleic magnetic resonance (NMR) study.[38] According 
to the NMR study, two AMP binding sites are located at two G base in the folded aptamer strand 
and the bonding is a non-canonical G·A bond.[38] However, this NMR characterization is only 
for the aptamer strand itself, without the presence of the two short complimentary strands in the 
structural switching sensor. So the structural information obtained might not be enough to 
understand the structural switching system with the presence of other two complimentary strands.  
1.2.4. Fluorescence resonance energy transfer (FRET) method 
There are many methods to characterize the structural information of nucleic acids, such 
as x-ray crystallography, nucleic magnetic resonance (NMR), electron paramagnetic resonance 
(EPR), fluorescence resonance energy transfer (FRET) and so on. Among them, x-ray 
crystallography can provide direct three dimensional structures of nucleic acids and the metal ion 
binding site with high resolution (around 2 Å is medium resolution and less than 1.2 Å accounts 
for the atomic resolution[39]). However, it is not easy to optimize a condition to obtain a crystal 
for nucleic acids because nucleic acids are normally small and flexible and difficult to be fixed to 
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form an ordered array structure. There are many crystal structures obtained for various nucleic 
acids,[40] but still many other structures are not resolved. In addition, the structural information 
got from crystal structure only represents one snapshot of a static state, which maybe not the 
same as the structure when the nucleic acid is functionally active. For nucleic magnetic resonance, 
only a few elements present in the nucleic acids can be used as a probe, such as 
1
H and 
31
P. Since 
there are many H and P atoms in different chemical environments in the nucleic acid structures, 
the interpretation of the NMR spectra is difficult. Similar case is for EPR. On the other hand, 
FRET is an optical detection method, in which the energy transfer between two fluorophores 
through dipole-dipole coupling interactions is monitored. It can provide direct visualization of in 
situ structural change. The fluorophore that provides the energy is called donor while the 
fluorophore that receives the energy is called acceptor. The two fluorophores are carefully paired 
based on several major criteria: 1) significant spectra overlap is necessary between the donor 
emission spectrum and acceptor excitation/absorption spectrum; 2) the distance between the 
donor and acceptor is between 1-10 nm.[41] In addition, there are also some other selection rules, 
such as the donor and acceptor should have similar quantum yield, good photostablility and so on. 
And the energy transfer efficiency is dependent on the inter-fluorophore distance according the to 
the following equations,  
6
0
1
1
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R
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, 
where E is the FRET efficiency; R is the interflurophore distance and R0 is the Förster distance, 
which is the distance between the selected donor and acceptor when FRET efficiency is 50 %.[41]  
Theoretically the inter-fluorophore distance can be calculated by measuring the FRET 
efficiency. In this sense, the FRET method is also called a spectral ruler. FRET has been widely 
applied to study biomolecule conformational change and binding interaction and so on. By 
applying this method, donor and acceptor are labeled onto two parts of one biomolecules to study 
the interactions between the two parts, such as the folding between the stems in a ribozyme, or 
onto two different biomolecules to study the interaction of the two molecules, such as protein and 
RNA binding interaction. Here we mainly focus on the FRET study on nucleic acid part. The 
conformational change of a lot of ribozymes, riboswitch, DNAzymes and other DNA structures 
have been obtained by FRET method, such as the hammerhead ribozyme,[42-48] hairpin 
ribozyme,[49-51] hepatitis delta virus (HDV) ribozyme,[52-56] Neurospora Varkud satellite (VS) 
ribozyme,[57-61] Group II intron ribozyme,[62-63] Diels-Alderase ribozyme,[64-65] the DNA 
and RNA Holliday junctions,[66-70] 8-17 DNAzyme[19-20, 22-23] and other RNA or DNA 
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constructs, including the duplex,[71] bulged duplex,[72] triplex,[73] guanine quadruplex[74-75] 
and i-motif.[76] 
With the very first combination of FRET and near-field scanning optical microscopy 
(NSOM), the pair of fluorophores on a single molecule are visualized.[77] This method is called 
single molecule FRET. It has several advantages over ensemble FRET: 1) stepwise kinetic rates 
are measured; 2) subpopulation is unveiled from than ensemble average.[78]  
1.2.5. Goals of the FRET research 
First, FRET method is utilyzed to study the metal ion induced conformational change of 
UO2
2+
 DNAzyme 39E for deeply understanding the mechanism of the good recognition between 
this DNAzyme and UO2
2+
 ion. Together, biochemical analysis is used to find out the conserve 
bases of the catalytical core of the DNAzyme. And the folding results are correlated with 
enzymatic activities. What’s more, a single molecule FRET study is employed to investigate the 
reaction kinetics and folding behaviors simultaneously.  
Next, FRET method is used to study the adenosine aptamer sensor to verify whether the 
folding and releasing events proceed following the structural switching mechanism as expected. 
In addition, a single molecule FRET method is used to provide kinetic information for each step. 
Hopefully, the information obtained here might be helpful to other aptamer sensors based on 
structural switching design since structural switching is a general aptamer sensor design principle.  
In addition, FRET method is also applied on another Pb
2+
 DNAzyme, GR_5. It would be 
very helpful if we can find out why GR_5 DNAzyme has such a good selectivity for Pb
2+
 since it 
can be useful for future highly selective DNAzyme design. 
 
1.3. Protein microarrays 
1.3.1.  Protein microarray fabrication methods 
Compared with nucleic acid, protein is another important role in the Central Dogma. The 
genetic information is first transcribed from DNA to mRNA, and finally translated to protein. 
Proteins assume a lot of important roles, such as catalytic proteins (enzymes), structural proteins 
and others in charge of signaling transduction. As we know, DNA microarray is a useful tool for 
DNA sequencing application, e.g., human genomic project. The advantage of microarray platform 
is efficient multiplex sensing and minimal amount of analyte consumption. Contrary to genomics, 
another term is proteomics. Proteomics is defined as “the analysis of genomic complements of 
proteins”.[79] The microarray technique also can find a lot of applications in the proteomics 
field,[80] for example, studying various protein recognition reactions, such as protein-protein, 
protein-ligand, enzyme-substrate, and antibody-antigen reactions and so on.[81-82]  
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The traditional biochemical ways to generate a protein microarray include in situ cell free 
protein expression and immobilization of proteins synthesized by chemical and biochemical 
methods. Recently, many engineering methods have been applied to the protein patterning field. 
Those methods include dip-pen nanolithography,[83-89] soft lithography (especially micro-
contact printing),[90-95] photolithography,[96-99] E-beam lithography[100] and ink-jet 
printing.[101-105] There are also some other ways, for example, fabricating a protein microarray 
on the basis of an aptamer microarray through the specific recognition between aptamer and its 
target protein.[106]  
For the detection purpose, protein needs to be tightly attached onto the surface rather than 
loosely contacting; otherwise they will be easily removed during several follow-up solution 
processes (passivation, incubation and washing) in the detection step. Protein can adhere onto the 
surface by physisorption, chemisorption and bioaffinity immobilization.[107] There are many 
surface modifications to enhance protein attachment onto the surface, such as poly(vinylidene 
fluoride) (PVDF), nitrocellulose, poly-lysine, aldehyde, epoxy, avidin, Ni-NTA, gold coating, 
polydimethylsiloxane (PDMS), and protein binding nucleotide coating.[81, 108] 
There are many options for the detection of protein microarray, such as enzyme-linked 
immunosorbent assay (ELISA), isotopic labeling, sandwich immunoassay, non-contact AFM, 
surface plasmon resonance (SPR), plannar waveguide, surface-enhanced laser 
desorption/ionization (SELDI) and electrochemical methods and so on.[81] Fluorescence 
detection is preferred since it is simple, safe and highly sensitive.  
1.3.2.  Introduction of electrohydrodynamic jet (E-jet) printing method 
Electrohydrodynamic jet (E-jet) printing is another novel way to create high resolution 
pattern. It is similar to inkjet printing method, but it relies on the high voltage applied between the 
nozzle and substrate to generate tiny sized droplets (the scheme for the E-jet printing equipment 
is shown in Figure 1.3). This method has been proven to be compatible with different types of 
inorganic and organic inks (such as insulating and conducting polymers, solution suspensions of 
silicon nanoparticles and rods, and single-walled carbon nanotubes) and various substrates, 
including conductive and semiconductor substrates (Au, Si et.al).[109] In addition to its 
application for polymers and nanoparticles patterning, it has also been demonstrated compatible 
with DNA patterning, [110] which proves that DNA can survive the high voltage printing process 
with intact structure and function. For example, the printed adenosine aptamer still maintained the 
adenosine sensing ability. What’s more, the printing potential can be tuned for various charged 
inks.[111] In addition, E-jet printing can achieve high printing resolution (100 nm for DNA 
printing), comparable to the state-of-art record of other patterning techniques. 
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Figure 1.3 Scheme of E-jet printing apparatus. The fine solution droplet is generated from a tiny sized 
nozzle, which has been set at a certain electrical potential different from the printing substrate. Close to 
ambient pressure is used to help the initial ink droplet to form and facilitate the printing to start. This figure 
is from reference.[110]   
 
1.3.3.  Goals of E-jet protein printing research 
With the advantages of E-jet printing, it is reasonable to wonder whether we can extend 
this method to the protein microarray application. Although E-jet printing has been proven 
suitable for DNA printing, the transition from DNA to protein is not that straight-forward since 
the two kinds of biomolecules have different properties. First of all, DNA is much more stable 
than protein. DNA can remain its activity with multiple heating and cooling cycles, but protein 
might denature when temperature or buffer conditions (pH and ionic strength) are changed. 
Second, DNA is normally negative charged due to the phosphate backbone and can be printed 
under the same condition. However, proteins are versatile, appearing different charges at the same 
buffer pH since they have different isoelectric point (pI). As a result, different printing conditions 
might be needed to get a multiple protein arrays. Third, proteins are much large than DNA in 
molecular weight and the hydrodynamic property of the protein ink solution might be quite 
different from that of DNA inks. However, it is still possible to realize the protein microarray 
with this printing technique, if the printing parameters are well controlled. And proteins with 
different properties, such as streptavidin, fluorescence protein and antibody IgG, are chosen for 
demonstrations. 
1.3.3.1. Streptavidin printing 
The electrical filed employed in the Ejet printing technique poses a challenge to the 
stability issue to the protein inks. At first demonstration, a stable protein, streptavidin, is chosen 
to demonstrate the feasibility of E-jet printing of streptavidin arrays. Streptavidin is a tetrameric 
protein with a molecular weight of 60,000 (4 x 15,000). It can bind to a small molecule, biotin, 
with high affinity (dissociation constant Kd is about 10
-15
M).[112] This strong interaction has 
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been utilized for a lot of surface attachment,[113] bioconjugation coupling and detections.[114-
117] Crystal structures of streptavidin with and without biotin have been obtained to investigate 
the non-covalent interaction between the two.[112] And AFM[118] and computational 
studies[119] have been applied to study the rupture force of the bound streptavidin and biotin. 
Streptavidin has an isoelectric point around pH 5 and its strong interaction with biotin has been 
used in a wide range of pH conditions. In our experiments, after streptavidin microarray is 
patterned, the binding to its target molecule will be carried out to test whether the printed 
streptavidin is still structurally intact and functionally active. 
1.3.3.2. Fluorescent protein printing 
Next proteins with other properties, such as fluorescent proteins, will be printed to further 
demonstrate that E-jet printing can be applicable to many different types of proteins. Osamu 
Shimomura, Martin Chalfie and Roger Y. Tsien won the Nobel Prize in chemistry for their 
discovery and application of green fluorescent protein (GFP) in 2008. GFP is a protein with green 
fluorescence, which is first isolated from a jellyfish Aequorea victoria. The crystal structure of 
GFP discovers that the chromophore, which is formed by an autocatalytic cyclization of certain 
amino acid, is secured in a β barrel structure.[120-122] What’s more important, by incorporating 
the GFP gene into the target protein or animal gene, the GFP protein can be expressed without 
losing its fluorescence property, making it a fluorescent marker for the target protein and animal 
species.[122]  
In addition to GFP, other fluorescent proteins have been used for our experiments, such 
as mCherry, which belongs to mFruit, the second generation of the red fluorescent protein. With 
the fast development of fluorescent protein engineering, a series of fluorescent proteins are 
generated, their emission wavelengths almost covering the whole range of fluorescence 
spectrum.[123-124] Similar to GFP, red fluorescent protein is discovered in zoans like Discosoma 
sp. (DsRed) and in Entacmaea quadricolor (eqFP611) and mCherry was produced after several 
rounds of gene engineering. It is photostable and has an excitation and emission wavelengths of 
587 and 610 nm respectively. And in a study, the fluorescence mechanism of mFruit series of 
fluorescent proteins is attributing to the novel chromophore and buried charges.[125] In addition, 
GFP and mCherry can form a FRET pair.[126] 
By taking the advantages of the four-channel imaging on the fluorescent microscope 
(DAPI/FITC/Rodamin/Cy5 channel), other fluorophore labeled proteins, such as streptavidin 
labeled with fluorescein or Cy5 and donkey anti mouse IgG labeled with Alexa 350, are used to 
realize an integrated four-channel printing patterns.  
1.3.3.3. Antibody printing 
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One of the future applications for protein microarray is the antigen detection. In addition 
to multi-component protein microarray for fluorescent proteins, multi-component microarray for 
immunoassay is also tried by utilizing multiple pairs of antibody and antigen recognition. 
Immunoglobulin G (IgG) is the secondary immune response of the human body and important for 
human defense. It normally has a “Y” shape and a big molecular weight around 150,000 Da. Here, 
primary antibody IgG and secondary antibody anti IgG recognition is used for the detection. In 
order to prove the printed the antibody is still functional activity and can maintain its specificity, 
IgGs from different animal species are used.[127]  
 
1.4. Summary for chapter contents 
To sum up, my research centers around using FRET methods to probe the analyte-
dependent conformational change of various functional DNAs and using the novel E-jet printing 
method to generate protein microarrays for diagnostic applications. I will explain and discuss in 
more details for the several projects I have mentioned here in the following chapters. The 
biochemical characterization of UO2
2+
 DNAzyme 39E will be discussed in Chapter 2. The 
biophysical characterization of UO2
2+
 DNAzyme 39E by FRET will be presented in Chapter 3. 
Following that, a single molecule FRET study on UO2
2+
 DNAzyme 39E will be discussed in 
Chapter 4. Then, the biophysical characterization of the mechanism of adenosine aptamer 
structural switching sensor will be explained in Chapter 5. Later, the protein microarray 
fabrications by E-jet printing will be summarized in Chapter 6. And finally, a preliminary 
biochemical and biophysical characterization of Pb
2+
 DNAzyme GR_5 will be reported in 
Chapter 7. 
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CHAPTER 2 
BIOCHEMICAL CHARACTERIZATION OF URANYL (UO2
2+
) DNAZYME
1
 
2.1. Introduction 
Nuclear energy is a new kind of energy. Although it is sustainable and reduces the carbon 
emission, it might bring health concerns to human and contamination to the environment.[1] 
Uranium (U) is a major radioactive element used for nuclear power plants and nuclear weapon. 
The existence of uranium in environment mainly comes from natural deposits, emission from 
nuclear power station and combustion of fossil fuels. Its oxidation states vary from +3, +4, +5, to 
+6 in aqueous solution, however, only the +6 (uranyl ion, UO2
2+
) is the stable species in acqueous 
solution. Besides its radioactivity, UO2
2+
 also has a heavy metal ion nature, capable of forming 
stable compounds with carbonate in biological fluids, causing toxicity to human and animals. For 
example, it can cause cancer and kidney damage. Environmental Protection Agency (EPA) 
determined a uranium maximum contamination level (MCL) in drinking water of 30 µg/L, which 
is corresponding to 126 nM. There are several different detection methods for uranium in 
drinking water and their detection limits are 30mg/L by atomic absorption spectrometry,[2] 0.01 
µg/L by inductively coupled plasma mass spectrometry (ICP/MS),[3] ICP-atomic emission 
spectrometry (AES),[4] 0.1 µg/L by phosphorimetry with laser or UV irradiation,[5-6] 0.2 µg/L 
by ICP using chelating resins, 5×10
-6
 M by optical detection based on metallochromic agent 
(Alzarin Reds)[7] and some bioremediation methods.[8-11] Recently, a UO2
2+
 selective DNA 
binding protein has also been obtained,[12] which might be helpful in the development of 
bacteria bioreduction method of UO2
2+
. Among them, ICP/MS can provide very low detection 
limit, however, requiring sophisticated equipment and expert knowledge for the operator. It will 
be even better to find other approaches to realize uranium in water detection without the need of 
sophisticated equipment and professional knowledge. Nowadays detection based on functional 
DNAs serves as a novel metal ion detection alternative.[13-15] Functional DNA refers to DNA 
with specific functions other than traditional genetic carrier, such as catalysis and binding. It is 
not naturally occurred, but generated by in vitro selection methods.[16] Functional DNA includes 
DNAzymes (a DNA catalyst), aptamers (a DNA affinity agent) and aptazymes (a combination of 
DNAzyme and aptamer). Functional DNAs have been integrated with many nanostructures for 
various sensing applications.[17] Certain RNA or DNA cleaving DNAzyme has a specific 
                                                          
1
 Part of this chapter was submitted as “Biochemical Characterization of a Uranyl Ion-Specific DNAzyme”, 
Brown, Andrew K., Liu, Juewen, He, Ying & Lu, Yi, ChemBioChem 10, 486-492 (2009), reproduced with 
permissions from the journal. 
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recognition for metal ions, which can be utilized to generate some metal ion sensors. For example, 
DNAzymes targeting Pb
2+
,[18] Mg
2+
,[19] Ca
2+
,[20-21] Cu
2+
,[22] Zn
2+
,[23] Mn
2+
,[24] UO2
2+
,[25] 
and Hg
2+
[26] have been obtained by in vitro selection methods Our lab developed a series of 
sensitive Pb
2+
 sensors (fluorescent[27-29] or colorimetric[30]) based on a Pb
2+ 
DNAzyme called 
8-17.[31-32]  
By targeting UO2
2+
 ion in aquesous solution, a UO2
2+
 specific RNA cleaving DNAzyme 
has been obtained using in vitro selection method in our lab.[25] This DNAzyme is called 39E (as 
shown in Figure 2.1, its substrate strand is called 39S). Upon the addition of UO2
2+
, 39E (shown 
in green) catalyzes a transesterification reaction at the phosphordiester bond of the adenosine 
ribonucleotide position (rA, shown in red) in the 39S (shown in black), resulting the 39S cleaved 
into two parts. Since the right side arm contains only 9 base pairs, the hybridization is not strong 
enough at room temperature. So the short right part of the cleaved substrate strand will be 
dehybridized with the enzyme strand. Based on this cleavage reaction, fluorescent (coupled with 
fluorophore and quenchers in both labeled[25] and label free fashions[33]), colorimetric (coupled 
with gold nanoparticles in both labeled and label free fashions[34]) sensors for UO2
2+
 detection 
have been developed. In addition, many other sensors and applications based on this DNAzyme 
have also been developed, for example, a mercury ion sensor,[35] a logic gate,[36] and UO2
2+
 ion 
binding aptamer.[37] Among them, a fluorescent catalytic beacon sensor shows excellent sensing 
ability: detection limit of 11 parts-per-trillion (45 pM) and a-million-fold selectivity over nineteen 
other metal ions.[25]  
 
 
Figure 2.1 Sequences of uranyl DNAzyme 39E (shown in green) and substrate 39S (shown in black). 
There is one adenosine ribonucleotide (rA, shown in red) in the substrate strand, which is the cleavage 
position. The red oval shows an A·G wobble pair three base pairs away from the cleavage site. The three 
stems are termed asStem I, II and III accordingly.  
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In order to find out why this DNAzyme has such good selectivity and sensitivity and 
further optimize the sensing performance, biochemical characterizations (such as mutagenesis 
studies) for studying its catalytic core and optimal concentration range are carried out.[38]  
 
2.2. Experimental 
2.2.1. Materials 
All the DNAs are ordered from IDT (Coralville, IA, USA) with polyacrylamide gel 
electrophoresis (PAGE) or HPLC purification. Uranium acetate dihydrate was ordered from 
Fisher Scientific and dissolved in water (unless mentioned elsewhere). The 2-(N-morpholino) 
ethanesulfonic acid (MES)-Na buffer was made from ultrapure MES sodium salt (from Sigma). 
For 
32
P labeled substrate experiments, ɤAT32P was purchased from GE Healthcare and T4 kinase 
from Invitrogen. For selectivity assay, 19 other metal salts are used: Th(NO3)4, EuCl3, TbCl3, 
Pb(NO3)2, Hg(ClO4)2, Cd(NO3)2, ZnCl2, Cu(NO3)2, Ni(NO3)2, CoCl2, Fe(NO3)3, Fe(NH4)2(SO4)2, 
Mn(OAc)2, VOSO4, BaCl2, SrCl2, CaCl2, MgCl2 and AgNO3. 
2.2.2. Metal ion selectivity assay using fluorophore labeled substrate 
The DNA solution was prepared with 1 µM substrate with 5' end labeled with 6-
carboxyfluorescein (6-FAM) and 1.5 µM DNAzyme in 50 mM MES-Na (pH 5.5) and 250 mM 
NaNO3. The DNA was annealed by heating in 80°C water bath for 1 min and gradually cooled 
down to room temperature. To stop the cleavage reaction, stop solution containing 50 mM 
Na2EDTA, 8 M urea, 90 mM Tris, 90 mM boric acid, 0.05 % xylene cyanol, and 0.05 % 
bromophenol blue is used. After the DNA strands are annealed, metal ion solutions were added 
(final concentration, 1 mM, 20 µM and 1 µM) to start the reaction, and let it react for 15 min. At 
each time point, small volume of the reaction solution was withdrew and mixed with the same 
volume of stop solution to quench the reaction. The uncleaved and cleaved substrates were 
separated on 20% denaturing polyacrylamide gel. The gel image was quantified by 
phosphorimager (FLA-3000, Fujifilm).  
2.2.3. Activity assay using 32P labeled substrate 
Twenty microliter DNA solution was prepared with 2 nM 5' 
32
P labeled substrate (2X) 
and 4 µM DNAzyme (2X) in 100 mM MES-Na (pH 5.5, 2X) and 500 mM NaNO3 (2X). The 
DNA solution was heated in 100°C water bath for 1 min and gradually cooled down to room 
temperature. Two microliter DNA solution was added into 10 µL stop solution to serve as the 
zero time point before UO2
2+
 addition. Then 8 µM (2X) UO2
2+
 (unless mentioned elsewhere) is 
added with the equal volume to the rest DNA solution to start the cleavage reaction. Four 
microliter solution was withdrew from the reaction and added to 10 µL stop solution at different 
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time points to monitor the cleavage process with the passage of time. The uncleaved and cleaved 
substrates were separated on 20% denaturing polyacrylamide gel. The gel image was quantified 
by phosphorimager (Storm 840, GE healthcare Life Science). And the cleavage percentage 
against time plot is fitted in a program SigmaPlot 8.0 (Systat Software Inc.) using the following 
equation (exponential rise to maxima, 3 parameters) 
0
[1 exp( )]y y a k t     
, 
where y is the percentage of cleaved substrate at time t, y0 is the percentage of cleaved substrate 
at time t = 0, a is the cleavage percentage achieved at t = ∞, and k is the observed rate constant, 
kobs. 
 
2.3. Results and discussion 
2.3.1.  Biochemical studies of 39E DNAzyme using 5' FAM labeled 39S 
2.3.1.1. Metal ion selectivity 
For selectivity assay using 5' FAM labeled substrate, other 19 metal ions (Th
4+
, Eu
3+
, 
Tb
3+
, Pb
2+
, Hg
2+
, Cd
2+
, Zn
2+
, Cu
2+
, Ni
2+
, Co
2+
, Fe
3+
, Fe
2+
, Mn
2+
, VO
2+
, Ba
2+
, Sr
2+
, Ca
2+
, Mg
2+
 and 
Ag
+
) are tested together with UO2
2+
 at three metal ion concentrations (1 mM, 20 µM and 1 µM, 
final concentration). As shown in Figure 2.2, 1 µM and 20 µM UO2
2+
 can result in the cleavage 
reaction in the FAM-39S and two bands for the labeled substrate appeared on the gel. The lower 
band with a faster migration was one of the cleaved substrates, and the top band with a slower 
migration was the uncleaved substrate band. For 1 mM UO2
2+
, no cleaved band was observed. It 
might be due to the same inhibition phenomenon occurred at high metal ion concentration as 
observed in the case of 8-17 DNAzyme. For the other 19 metal ions, there was no significant 
cleavage at all the three concentrations (1 mM, 20 µM and 1 µM), except that 1 mM Pb
2+
 shows 
very little cleavage, about 0.7%. In addition, the cleavage fraction (the ratio of cleaved band 
intensity versus the sum intensity of cleaved and uncleaved band) at 20 µM UO2
2+
 condition 
appeared to be lower than the 1 µM case. Among the three concentrations tested, the highest 
activity and selectivity for this sequence was observed at 1 µM UO2
2+
 condition. Compared with 
other metal ions, UO2
2+
 has a unique linear geometry, [O=U=O]
2+
, which is different from other 
metal ions.[39-40] According to a computational calculation using relativistic effective core 
potential (RECP) method, UO2
2+
 adopts 5f orbital as the lower energy orbital which favors a 
linear geometry while a similar compound, ThO2, has 6d orbital as the lower energy orbital which 
favors a bent geometry (bending angle about 122 ± 2°).[41] Probably this shape difference serves 
as the major factor for the specific recognition of the UO2
2+ 
with 39E DNAzyme.  
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Figure 2.2 Metal ion selectivity experiments for 39E using 5' FAM labeled substrate. Twenty metal ions at 
three different metal ion concentration are tested (the metal ions tested in each band is labeled on top of the 
gel): a) 1 mM, except the first band is using 1 µM UO2
2+
, which is labeled separately; b)20 µM and c)1 µM. 
If the cleavage reaction takes place, two bands appear in each lane: the lower band is one of the cleaved 
substrates, which is shorter in length and migrate faster on the gel, and the top band is the uncleaved 
substrate, longer in length and migrating slower, as labeled in a).  
 
2.3.1.2. Temperature dependence 
In order to find the best sensing condition, several optimizations are carried out. 
Temperature dependent activity assay has been done using 5' FAM labeled 39S at two substrate 
and enzyme ratio ([S] / [E]): 1/1.5 (substrate and enzyme were 1 µM and 1.5 µM, respectively) 
and 1000/1.5 (substrate and enzyme were 1 µM and 1.5 nM, respectively). The UO2
2+
 
concentration was 1 µM. The gel for [S] / [E] of 1/1.5 was shown in Figure 2.3a and the final 
substrate cleaved fraction is quantified in Table 2.1, showing that the the highest reaction rate 
was observed at 23°C. Similarly, according to the gel in Figure 2.3b and the final substrate 
cleaved fraction shown in Table 2.1, the highest reaction rate was also observed at 23 °C when [S] 
/ [E] is 1000/1.5. At this ratio, the substrate was in a large excess than the enzyme amount, so 
each enzyme was expected to catalyze multiple cleavage reactions; the reaction rate was much 
slower than that when substrate and enzyme ratio was close to equal equivalent. 
  
 
Figure 2.3 Temperature dependent activity experiments for 39E using 5' FAM labeled substrate. Two 
substrate to enzyme ratios and three different temperature (4 °C, 23 °C, 40 °C) conditions are tested: a) 
substrate and enzyme are 1 µM and 1.5 µM respectively; b) substrate and enzyme are 1 µM and 1.5 nM. 
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Table 2.1 The final substrate cleaved fraction of 39E temperature dependent activity experiments at three 
different temperatures (4 °C, 23 °C, 40 °C) using 5' FAM labeled substrate at two [S] / [E] ratios. 
 
Cleavage fraction 4
o
C 23
o
C 40
o
C 
[S] / [E]: 1/1.5 (60 min) 0.9610 0.9891 0.9647 
[S] / [E]: 1000/1.5 (120 min) 0.0484 0.1474 0.0484 
 
2.3.1.3.  UO2
2+ 
concentration dependent activity  
Activity assays at three UO2
2+ 
concentrations (1 nM, 5 nM and 10 nM) were compared 
using 5'-FAM labeled 39S, as shown in Figure 2.4. Since the UO2
2+
 concentration was in the 
lower nM range, the final cleavage fraction was small even at 2 hours (25% at 10 nM). And the 
final cleavage fraction increased as the UO2
2+
 concentration increases. All the three curves did not 
reach saturation. Fluctuations were observed at the first a few time points for three curves since 
the reactions were slow and the fractions measured may not be very accurate.  
 
 
Figure 2.4 UO2
2+
 concentration dependent activity experiments at three different UO2
2+
 concentrations (1, 
5, 10 nM) using 5'-FAM labeled substrate. The cleavage fraction against time curve at 1 nM UO2
2+ 
is 
shown in solid brown line; the curve at 5 nM UO2
2+
 is shown in the orange dot line and the curve at 10 nM 
UO2
2+
 is shown in yellow green dashed line. 
 
For the saturated cleavage fraction against time plot, kobs is obtained from the fitting using 
the exponential increase equation. However, for the unsaturated case, the kobs is calculated in 
another way.  
kobs= final cleavage fraction/ reaction time 
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An increasing trend is observed in the apparent cleavage reaction rates (kobs) as the UO2
2+
 
concentration increases, yielding 2.57×10
-5
, 5.32×10
-4
 and 1.99×10
-3
 min
-1
 for kobs at 1, 5, 10 nM 
UO2
2+
 respectively (shown in Table 2.2). 
 
Table 2.2 The apparent cleavage reaction rates kobs for 39E in the UO2
2+
 dependent activity experiments at 
three different UO2
2+
 concentrations (1, 5, 10 nM). 
 
 1 nM UO2
2+
 5 nM UO2
2+
 10 nM UO2
2+
 
kobs(min
-1
) 2.57×10
-5
 5.32×10
-4
 1.99×10
-3
 
 
2.3.2. Biochemical studies of 39E DNAzyme using 5'-32P labeled 39S 
2.3.2.1. UO2
2+
 concentration dependent activity 
A series of UO2
2+
 concentrations (10 nM, 50 nM, 100 nM, 200 nM, 500 nM, 1 µM, 2 µM, 
5 µM, 10 µM, 20 µM, 50 µM, and 1 mM) have been tested  under the single turnover condition.  
For the first six concentrations of UO2
2+
, the total reaction time was 20 min while for the last six 
concentrations of UO2
2+
, the total reaction time was 60 min since the cleavage reaction at higher 
UO2
2+
 concentration might be slowed down. kobs was plotted against log[UO2
2+
] in Figure 2.5, the 
curve had a bell shape with the peak fell in the range of 1 to 10 µM. This bell-shaped UO2
2+
 
activity profile agrees with the UO2
2+
 inhibition at 1 mM shown in Figure 2.2. And the kobs at the 
peak is about 0.9 at about 4 µM UO2
2+
. At either lower or high concentrations, kobs decreases. 
 
 
Figure 2.5 UO2
2+
 concentration dependent activity for 39E using 5'-
32
P labeled 39S: A) kobs against log 
[UO2
2+
] plot for the UO2
2+
 concentration in 10 nM to 1 mM range: 10 nM, 50 nM, 100 nM, 200 nM, 500 
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(Figure 2.5 cont.) nM, 1 µM, 2 µM, 5 µM, 10 µM, 20 µM, 50 µM, and 1 mM; B) kobs against [UO2
2+
] plot 
for the UO2
2+
 concentration in 0-10 µM range.  
 
2.3.2.2. Activity assays at multiple turn-over conditions 
There was some problem with multiple turnover experiment. The uncleaved bands 
decrease in intensity with the progression of time, indicating the cleavage reaction did take place, 
but the cleaved bands were not visible.  It is speculated that some 
32
P labels have been cleaved, 
resulting in the cleaved products without 
32
P tag thus invisible on the gel. 
2.3.2.3. Activity assays with different substrate-to-enzyme ratios 
Since we encountered some problem in the multiple turn-over experiments (the cleaved 
product band cannot be seen on the gel), we used an alternative way to achieve the goal of 
multiple turn-over, that is, using different substrate-to-enzyme ratios. In the previous multiple 
turn-over experiments, the enzyme concentration as fixed. But now we can fix the substrate 
concentration (1 nM) while changing the enzyme concentration (1, 2, and 10 µM). The substrate-
to-enzyme ratios were 1:1000, 1:2000 and 1: 10000 respectively. At the same substrate 
concentration, with the increased enzyme concentration, the cleavage rate decreased (see Figure 
2.6). One thing to pay attention is that the cleavage rate for 1 nM substrate and 2 µM enzyme is 
0.68, much slower than the results from the mutagenesis study which is about 1.04. The reason 
for this discrepancy is that this experiment was added during the paper submission process about 
1 year after all the other biochemical studies in this chapter. So the DNA strands, the buffers and 
metal ion solution come from different batches, resulting in the difference in the cleavage rates. 
Although the absolute cleavage rate at this condition was different from other biochemical studies, 
the general trend for various substrate–to-enzyme ratios dependent assays should be the same. It 
is interesting to observe that this trend is different from what observed in 8-17 Pb
2+
 DNAzyme 
case. For 8-17 DNAzyme, with the increase of enzyme concentration in the range of 100 nM to 
10 µM, the kobs values show an increase and saturation trend.[42] So these two DNAzymes have 
different enzyme dependent activity trend under single turn over conditions.  
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Figure 2.6 Enzyme concentration dependent activity assays for 39E. The substrate concentration was kept 
at 1 nM, while the enzyme concentration was changed (1, 2, and 10 µM). The apparent reaction rate kobs 
decreased with the enzyme concentration increased.  
 
2.3.2.4. Mutagenesis studies on the catalytic core 
To find out the catalytic core and essential bases to maintain the DNAzyme activity, 
mutagenesis (including site specific mutation and deletion) has been carried out in the loop region 
and the stem region adjacent to the cleavage site. First a general activity screen was done to 
divide the mutants into fast and slow categories. For the fast mutants, time points for the activity 
assay was set to be 0, 0.5, 1, 2, 5, and 10 min.  For the slow mutants, the time points were set to 
be 0, 5, 10, 20, 30, and 60 min.  The kobs for the slow mutants were calculated as cleavage fraction 
/ 60 min. All the activity assays here were carried out in the presence of 4 µM UO2
2+
. The 
activities of mutants were summarized in Figure 2.7E (note: the activities for cis-cleaving form 
are adapted from Dr. Andrea Brown’s thesis, shown in Figure 2.7D, which I will not discuss 
here).  
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Figure 2.7 Secondary structure and sequence alignment of the in-vitro-selected uranyl ion-dependent 
DNAzymes. A) Secondary structure of the 39E DNAzyme and base positions for mutagenesis studies 
located in three main areas of interest, shown in three different colored boxes: the area adjacent to the 
cleavage site shown in box 1 in blue, the big stem loop region in box 2 in purple and the small loop region 
in box 3 in black. B) Conserved sequence color coding in the uranyl specific DNAzyme 39E. C) Conserved 
sequence color coding in the lead specific DNAzyme 8-17. D) Sequence alignment and activity summary 
of different clones of the 39E in the cis-cleaving form from selection. E) The sequences and activity 
summary of different mutants of 39E in the trans-cleaving form. The nucleotides that are marked in black 
in region 2 of D) and E) indicate mismatched base pairs in the stem. The activities of clone 87 and 75 were 
not measured. 
 
According to the 39E predicted secondary structure shown in Figure 2.7A and sequences 
and activities of its mutants shown in Figure 2.7E, a few insights for its catalytic core were 
obtained. Basically the 39E and 39S complex was considered to be a stem-bulge-stem three way 
junction structure, similar to hammerhead ribozyme.[43] As shown in Figure 2.7A, the mutation 
studies were done in three areas in different color boxes: the area adjacent to the cleavage site, the 
big stem loop region, and the small loop region. 
The sequences in the stem region near the cleavage site of adenosine ribonucleotide (rA, 
shown in red) are studied in Area 1 in blue box (mutant 1 to 6). From the activity of mutant 1 to 4, 
it is found that an A·G wobble pair three base away from the cleavage site was not very 
conserved. The original base is G with a cleavage activity of 1.04 ± 0.21 min
-1
. If the G was 
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mutated to T, C, A, the activity was still maintained (1.78 ± 0.38, 0.37 ± 0.05 and 0.63 ± 0.23 
min
-1
for T, C and A respectively). Especially for the T mutant, the activity actually increases to a 
greater value than the original G result. This is reasonable, since an A-T pair is a classical 
Watson-Crick pair, ensuring a stronger enzyme-substrate hybridization and further lock the space 
near the cleavage site. The design of mutant 5 and 6 was aimed to see how important is the G·A 
wobble pair right next to the cleavage site to the activity. According to the Pb
2+
 DNAzyme 8-
17[44] (one of the most extensively studied Pb
2+
 DNAzymes) results, the G·T wobble pair 
adjacent to the cleavage site is essential to the cleavage activity.[42]  In 39E DNAzyme case, if 
this A was mutated to a T base (as mutant 5), the activity was abolished. As we found a faster 
mutant as mutant 2 case, if the A is mutated to a C, the activity is also completely diminished. In 
a word, this G·A wobble pair is very important to the cleavage activity, no matter it is either 
mutated to a G·T wobble pair in 8-17 DNAzyme case or a G-C Watson-Crick pair, the activity 
was completely lost.   
The sequences in the big bulge region with the combination of one stem and one loop are 
studied in Area 2 in pink box (mutant 7 and 8). The stem part is made up of five Waston-Crick 
pairs rich in C-G. If only two Waston-Crick pairs are kept in the stem with other 3 positions are 
wobble pairs in mutant 7’s case, the activity was almost lost, indicating the hybridization of this 
stem region is very important for its activity. This is consistent with 39E Hg
2+
 sensor design 
based on the Hg
2+
 binding with T base recovered the hybridization of this stem part, leading to 
the recovery of UO2
2+
 activity.[35] Normally the metal binding position was normally proposed 
to be in the loop region. In mutant 8, the stem part was maintained while the loop is removed, still 
significant activity was remained with the activity of 0.55 ± 0.06 min
-1
, which means that this 
loop region was not essential for the activity and the metal ion binding position should not be in 
this loop region. In the FRET study on 39E DNAzyme descripted in Chapter 3, one of the 
fluorophore labeling positions is on one of the T base in this loop. We believe that the labeling 
should not affect the DNAzyme activity.  
The sequences in the big bulge region with a small loop are studied in Area 3 in black 
box (mutant 9-15). In this region, there were only 8 bases on the enzyme strand “CTTCAGAC”. 
The first 4 bases were very important, since activities were almost lost either in the one base 
deletion or site specific mutation as shown in mutants 9, 10, 11, 13 and 14 cases. On the other 
hand, the following 3 bases “AGA” were not very important. If the last four bases “AGAC” were 
mutated to “AAAC”, the majority of activity was maintained (activity of 0.83 ± 0.03 min-1), as 
shown in mutant 15. But the deletion of the last C resulted in a loss in activity, as shown in 
mutant 12. 
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In summary, from all those mutagenesis results, the G·A wobble pair, the stem in the big 
loop and the first half of the small loop are highly conserved region for 39E DNAzyme’s 
cleavage activity. 
   
2.4. Conclusions  
Mutagenesis studies were used to investigate the conserved region of the 39E DNAzyme 
catalytic core, including the G·A wobble pair next to the cleavage site, the stem part in the big 
loop and some parts of the small loop. In addition, optimal operating conditions of the 39E 
DNAzyme have been obtained via gel electrophoresis. For example, this DNAzyme has fastest 
cleavage response in the UO2
2+
 concentration range between 1 to 10 µM at single turn-over 
condition, and fastest cleavage rate at room temperature. In terms of its remarkable selectivity, at 
both 1 and 20 µM, UO2
2+
 is the only metal ions among the twenty competing metal ions that can 
induce a fast cleavage within 15 mins. However, when it reaches 1 mM, none of the metal ions 
among the twenty competing metal ions can induce a significant cleavage including UO2
2+
 (Pb
2+
 
induce a 0.07% cleavage) by 15 mins, which corresponds well to the low cleavage fraction at 
high UO2
2+
 concentration in the UO2
2+
 dependent activity summary at single turn-over condition.  
 
2.5. Future directions 
2.5.1.  Catalytic mechanism for 39E DNAzyme 
Many efforts have been focused on the ribozyme catalytic mechanism;[45-46] however, 
there are few studies on DNAzymes. There are two general cleavage mechanisms proposed for 
the Pb
2+
 interaction with the ribozymes and DNAzymes: one-step cleavage mechanism and the 
two-step cleavage mechanism. For the Pb
2+
 specific cleavage on a yeast transfer RNA
phe
, a 
pentacoordinated phosphorus intermediate, later forming the 2',3'-cyclic phosphate and 5'-OH 
termini, is found by x ray crystallographic results, which supports a one-step cleavage 
mechanism.[47] On the other hand, a lead ribozyme (leadzyme) is found to firstly form a 2',3'-
cyclic phosphate and 5'-OH termini and further a hydrolysis product of the 2',3'-cyclic 
phosphate.[48-49] So the leadzyme supports a two-step cleavage followed by hydrolysis 
mechanism. The lead DNAzyme 8-17 is found as another example to follow the two-step 
cleavage mechanism by intermediate identified from the MALDI-TOF mass spectrometry. It 
might be interesting to study the cleavage intermediate of 39E DNAzyme by MALDI-TOF mass 
spectrometry to reveal the cleavage mechanism of this DNAzyme.  
2.5.2.  Crystal structures for 39E DNAzyme 
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There are many methods to locate the metal ion binding site in nucleic acid structures, 
such as enzymologic biochemical study, X-ray crystallography, spectroscopic methods (electron 
paramagnetic resonance (EPR), nuclear magnetic resonance (NMR), X-ray absorption (XAS), 
lanthanide luminescence, and vibrational (IR, Raman) spectroscopies), computational and 
database methods, lanthanide cleavage, heavy atom isotope effects, nucleotide analog-
interference mapping (NAIM), and metal ion rescue experiments.[50] Among them, crystal 
structure provides the most direct evidence for metal ion and protein or nucleic acids interactions 
and it can be correlated with biochemical characterization on enzymatic activity.[51] Several 
crystals have been obtained for hammerhead ribozyme,[43, 52-58] hairpin ribozyme,[59-60] 
hepatitis delta virus ribozyme,[61-62] group I intron ribozyme,[63-66] 10-23 DNAzyme,[67] 
DNA Holliday junction.[68-71] In addition to cleavage mechanism, insights on metal binding site 
might also be important to study the metal ion and DNAzyme interaction. It is proposed that 
metal ions interacted more with the non-duplex structure, such as the bulge.[72] So it is possible 
that the UO2
2+
 binding site might be located in the non-duplex region of the 39E/39S complex, 
such as the two bulged loops and the sequences around the cleavage site. Further mutation studies 
or other biochemical characterizations (such as UO2
2+
 photocleavage activity studies and 
phosphorothiate mutation studies) are helpful to investigate the UO2
2+
 binding site on the 39E 
DNAzyme. However, it is very difficult to obtain a crystal structure for the nucleic acids and 
metal ions. Only a few successful examples have been reported. A lot of efforts are undergoing in 
our lab to try to obtain a crystal structure of metal ions and 39E DNAzyme.  
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CHAPTER 3 
ENSEMBLE FLUORESCENCE RESONANCE ENERGY TRANSFER STUDY OF 
URANYL DNAZYME1 
3.1. Introduction 
Metal ions play important roles in biological systems. A more clear understanding of how 
metal ions bind to biomolecules with high specificity can significantly advance our knowledge of 
fundamental chemistry and biology, and aid in the development of metal ion sensors, novel 
biocatalysts, or metal-based pharmaceutical agents.[1-10] In contrast to the vast amount of 
information known about metalloproteins, much less is known about how nucleic acids interact 
with metal ions. Therefore, these interactions are currently being investigated in chemistry and 
biology fields.[1-16] Catalytic RNA[17-18] and DNA,[19]  discovered in the 1980s and 1990s, 
respectively, are of particular interest because metal ions have been shown to play structural 
and/or functional roles in these biomolecules.      
We are interested in the roles of metal ions in catalytic DNAs.  These molecules are also 
called deoxyribozymes and DNAzymes, and will be referred to as DNAzymes in this work. Just 
as with catalytic RNAs or ribozymes, DNAzymes have been shown to catalyze many reactions.[3, 
20-22] However, DNAzymes are much more cost-effective to synthesize and much more stable 
than catalytic RNAs, making DNAzymes more suitable for fundamental studies and practical 
applications. With the further addition of functional groups through chemical modifications, 
functional DNAs with novel functions can be generated by in vitro selection.[23] More 
importantly, in vitro selection has been used to obtain a number of DNAzymes with high 
specificity for metal ions such as Pb2+,[19] Mg2+,[24] Ca2+,[25-26] Cu2+,[27] Zn2+,[28] Mn2+,[29] 
UO22+,[30] and Hg2+.[31] These DNAzymes have also been converted into highly sensitive and 
selective metal ion sensors.[32] These metal-ion-selective DNAzymes are excellent models for 
metal-ion interactions with nucleic acids, and the insights gained from this study can advance our 
goal toward the rational design of metal-ion sensors.  
The Pb2+-specific 8-17 DNAzyme has been isolated by several different groups through 
in vitro selection,[24-25, 28-29] and of the DNAzymes obtained to date, it has been subjected to 
the most biochemical and biophysical investigations, including metal-dependent structural and 
functional studies. Biochemical assays have shown that its metal-dependent activities can be 
                                                            
1 Part of this chapter was submitted as “Metal-Ion-Dependent Folding of a Uranyl-Specific DNAzyme: 
Insight into Function from Fluorescence Resonance Energy Transfer Studies” Ying He, and Yi Lu, 
Chemistry a European journal, DOI: 10.1002/chem.201100352 (2011). Reproduced with permissions from 
the journal. 
41 
 
ranked as: Pb2+ >> Zn2+ >> Mn2+ ≈ Co2+ > Ni2+ > Mg2+ ≈ Ca2+ > Sr2+ ≈ Ba2+.[26, 33] To elucidate 
the origin of this metal ion selectivity, the 8-17 DNAzyme’s metal-ion-dependent folding has 
been studied using fluorescence resonance energy transfer (FRET), both in bulk solution[34-36] 
and at the single-molecule level.[37-38] One interesting finding from these studies is that while 
other, less-active metal ions such as Mg2+ and Zn2+ induce global folding, no global folding was 
observed for the most active metal ion--Pb2+. These results point to a possible origin for such a 
high Pb2+-dependent activity: 8-17 forms a structure that readily binds to Pb2+ selectively while it 
is in its resting state, like a lock-and-key. Recent contact photocrosslinking studies also found that 
local instead of global folding is responsible for 8-17’s Pb2+-dependent activity.[39-40] 
While the lock-and-key catalysis mode is common in protein enzymes, this was the first 
time that it was demonstrated in a DNAzyme system. Most catalytic DNA and RNAs assume 
resting state conformations that do not support efficient catalysis, and must change conformations 
to become active.[41-44] An immediate question is whether 8-17 is an exception to this rule or if 
the lock-and-key mode is common among DNAzymes. Furthermore, the Pb2+ used in these 
studies was at a much lower concentration (in the micromolar range) than those of other metal 
ions (e.g., a millimolar range for Mg2+). Such a low concentration may partially be responsible for 
the observed difference.   
To answer these questions, we turned our attention to a UO22+-specific DNAzyme called 
39E, which was isolated by our group through in vitro selection.[30] The sequences of 39E and 
its substrate 39S are shown in Figure 3.1a. The DNAzyme (39E, in green) can form a stem-loop 
structure with the DNA substrate strand (39S, in black). The substrate strand is composed of 
DNA except for a single adenosine ribonucleotide in the middle (shown in red). Upon addition of 
UO22+, 39E catalyzes the phosphodiester transfer reaction at the ribonucleotide scissile site in the 
39S, cleaving the strand into two pieces. This DNAzyme has comparable activity to and even 
higher metal selectivity than the 8-17 DNAzyme. For example, while 8-17 has some Zn2+- and 
Mg2+-dependent cleavage activity, 39E has no detectable activity in the presence of either of these 
metal ions. Among the twenty competing metal ions tested, only Pb2+ caused <10% cleavage at 1 
mM.[45] Because of these features, this DNAzyme has been transformed into a fluorescent 
sensor based on the catalytic beacon method, with a detection limit of 11 part-per-trillion (45 pM) 
and over a million-fold selectivity over competing metal ions.[30] In addition, the 39E DNAzyme 
has been converted into a colorimetric sensor,[46] a label-free fluorescent sensor,[47] a logic 
gate,[48] and other sensors.[49] Given its excellent performance and wide range of applications, 
we wish to investigate whether and how the conformational changes of the 39E/39S complex 
induced by different metal ions are responsible for its activity and selectivity.  
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To monitor the DNA or RNA conformational changes induced by metal ions, several 
methods have been used, including X-ray crystallography,[50-51] isothermal titration 
calorimetry,[52] transient electric birefringence,[53-54] fluorescence resonance energy transfer 
(FRET),[34-38, 42, 55-57] EPR,[4, 58-59]  and NMR[60-62] spectroscopic techniques. We chose 
FRET because it provides long-range (10-100 Å) distance information which is helpful in 
studying the global structure of nucleic acids.[63] FRET monitors the interactions between two 
fluorophores. When these fluorophores are sufficiently close, the emission from one fluorophore 
(the donor) excites the other fluorophore (the acceptor).[63] FRET has been widely used to detect 
the ion-induced folding of the hammerhead ribozyme,[42, 64-69] hairpin ribozyme[70-72], 
hepatitis delta virus (HDV) ribozyme,[73-77] Neurospora Varkud satellite (VS) ribozyme,[78-
82] Group II intron ribozyme,[83-84] Diels-Alderase ribozyme[62, 85]  and the DNA and RNA 
Holliday junctions.[86-90] FRET has also been used in the study of other RNA or DNA 
constructs, including the duplex,[91] bulged duplex,[92] triplex,[93] guanine quadruplex[94-95] 
and i-motif.[96] Here we report FRET studies of metal-ion-dependent folding of the 39E 
DNAzyme/substrate complex and correlate this folding with its activity. We found a second 
example of the lock-and-key binding mode in the 39E DNAzyme in the presence of UO22+, 
suggesting that the lock-and-key may be a common mode of catalysis, at least for the most 
efficient DNAzymes. Furthermore, we showed that UO22+ is capable of inducing the 39E/39S 
complex to fold at low monovalent ion concentrations, indicating that the DNAzyme/substrate 
complex can undergo global folding in the presence of UO22+ under low ionic strength when 
monovalent metal ions are not capable of bringing about the folding.  Under conditions of 
physiological ionic strength (buffer containing 100 mM Na+), however, the 39E/39S complex is 
fully folded into its most active conformation ready for UO22+ binding. 
 
3.2. Experimental  
3.2.1.  Materials 
All oligonucleotides were ordered from Integrated DNA Technologies, Inc. (Coralville, 
IA, USA) in HPLC-purified form. Uranium acetate dihydrate was purchased from Fisher 
Scientific (Pittsburgh, PA, USA). All other chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) without further purification. 
3.2.2. Activity assays 
To determine the effects of the stem-arm length on the DNAzyme activity, cleavage 
activity assays were carried out under single-turnover conditions using a 4 µM UO22+ solution. 
The samples for this assay were prepared at twice the final concentration and were mixed at a 1:1 
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ratio at the beginning of the assay. To anneal the enzyme and substrate complex before the 
reaction, 2 nM (2X) of 5′-32P labeled (1)39S (-5) and 4 µM (2X) of (-5)39E(1) (a shortened 
version of the original 39E, see Figure.1b) was mixed together in 50 mM Na-2-[N-morpholino]-
ethane sulfonic acid (Na-MES) (pH=5.5) and 50 mM NaNO3 buffer, put into a boiling water bath 
for 1 minute, and cooled down to room temperature for 1 hour. The above annealed DNAzyme-
substrate complex was then mixed with 8 µM (2X) of UO22+ solution in a 1: 1 volume ratio to 
start the reaction. At different time points, aliquots of reaction solution were taken out and placed 
into a stop solution containing 8 M urea, 50 mM EDTA, 0.05% xylene cyanol, and 0.05% 
bromophenol blue. The cleaved and non-cleaved substrates were separated by electrophoresis 
using a 20% polyacrylamide denaturing gel, and the band intensities were quantified using a 
phosphorimager (Storm 840, GE healthcare Life Science).  
To correlate the metal-ion-dependent folding from FRET studies with metal-specific 
activity, a cyanine-fluorophore-labeled DNA substrate was used under similar conditions as in the 
32P assay presented above, except 2 µM (2X) of 5′ labeled Cy3- (1)39S(-5) and 3 µM (2X) of 5' 
labeled Cy5-(-5)39E(1) were used. In order to avoid any interference from organic dyes in the 
stop solution when measuring the fluorescent signal of the Cy3/Cy5 fluorophore labels on the 
DNA, a colorless stop solution containing 8 M urea, 50 mM EDTA without the two organic dyes 
(xylene cyanol and bromophenol blue) was used. The band intensities were quantified with a 
phosphorimager (FLA-3000, Fujifilm). In both the 32P- and fluorophore-labeled assays, the 
fraction of cleaved DNA substrate was plotted against time using the program SigmaPlot 8.0 
(Systat Software Inc.) and the curve was fitted with nonlinear regression using the equation 
0 [1 exp( )]y y a k t      , 
where y is the percentage of cleaved substrate at time t, y0 is the percentage of cleaved substrate at 
time t = 0, a is the cleavage percentage achieved at t = ∞, and k is the observed rate constant, kobs. 
3.2.3.   Effects of Mg2+, Zn2+, and Na+ on UO22+-dependent cleavage activity  
The activity assays were performed under conditions similar to those described above, 
except that various concentrations of Mg2+, Zn2+, or Na+ were added to the DNAzyme samples 
and this mixture was incubated for 30 minutes to 1 hour to ensure that the DNAzyme had folded 
before an equal volume of UO22+ solution was added to start the reaction. 
3.2.4.  FRET experiments  
To obtain a homogeneous enzyme substrate complex, 10 µM of Cy5-labelled (-5)39E(1) 
and 10 µM of Cy3-labelled (1)39S(-5) were annealed in 50 mM Tris-acetic acid (pH 7.5) and 100 
mM NaNO3 buffer; 100 mM instead of 50 mM NaNO3 was used to increase hybridization 
efficiency and maintain the Na+ concentration consistency. The mixture was placed in a boiling 
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water bath for 1 minute and cooled down to room temperature over the course of 2 hours. The 
DNA complex solution was then placed at 4°C for 30 minutes to anneal further. The hybridized 
DNAzyme/substrate complex was then separated from the unhybridized strands by running 
through a 16% polyacrylamide native gel (50 mM Tris-acetic acid buffer, pH 8.0 and 100 mM 
NaNO3) with a power of 4W for 10 hours at 4°C. After verifying the separation using a 
phosphorimager (FLA-3000, Fujifilm), the completely hybridized DNAzyme/substrate complex 
band was cut from the gel, crushed, and soaked with shaking for 2 to 3 hours in soaking buffers 
containing either 100 mM Na+ (50 mM Na-MES buffer, pH 5.5, and 50 mM NaNO3) or 30 mM 
Na+ (30 mM Na-MES, pH 5.5). The DNA samples were then recovered from the supernatant 
after centrifugation. For each FRET experiment, this native-gel-purified DNAzyme/substrate 
complex concentration was decreased to ~ 100 nM with the same soaking buffer. Upon addition 
of concentrated metal ion solutions, the fluorescence emission spectroscopy for both Cy3 and 
Cy5 was collected at each metal ion concentration with polarization for emission spectrum at 
54.7°. The excitation wavelengths for Cy3 and Cy5 were 513 nm and 648 nm respectively (see 
Figure 3.2 in the supporting information for donor and acceptor emission spectra).  
The FRET efficiency was calculated using the (ratio)A method of normalization for the 
acceptor fluorescence.[63] The FRET efficiency is inversely proportional to the sixth power of 
the distance between the fluorophores:  
  1601 /F R E TE R R      
where R is the distance between the donor and acceptor and R0 is the Förster length (the distance 
at which the energy transfer efficiency is 50%) for the two fluorophores used.  
 
3.3. Results and discussions  
3.3.1. DNAzyme constructs for FRET studies 
The 39E construct originally reported was asymmetric, with sixteen base pairs in the left 
binding arm and nine in the right binding arm around the scissile site (Figure 3.1a).[30] This 
design is important for the catalytic beacon sensor to ensure that both arms of substrate 39S and 
enzyme 39E are fully hybridized before cleavage, but that the shorter arm dehybridizes after 
cleavage due to its lower melting temperature. This shorter arm is functionalized with a 
fluorophore, and when it is released, it produces a fluorescent signal increase.[3, 32, 97] A recent 
biochemical study of this DNAzyme indicated that its arm lengths can be varied without affecting 
its metal-ion-dependent activity.[45] Therefore, to eliminate arm-length-dependent FRET 
changes that have little to do with metal-ion activity or selectivity, we made the two arms of equal 
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length by shortening the left arm (Figure 3.1b). In addition, the A·G wobble pair three base pairs 
away from the cleavage site has been found to be nonessential;[45] when this wobble pair was 
changed to a regular A·T Watson-Crick base pair, the resulting DNAzyme had a similar reactivity 
to the original construct (the mutant 39E had a kobs of 1.8 ± 0.4 min-1 while the original 39E had a 
kobs of 1.0 ± 0.2 min-1).[45] We thus decided to use the construct with the A·T mutatation at this 
position. Finally, the adenosine ribonucleotide at the cleavage site was replaced with an 
adenosine deoxyribonucleotide to render the substrate uncleavable so that the FRET studies could 
focus on metal-ion-dependent folding. The replacement of a ribonucleotide with a 
deoxyribonucleotide at the scissile position is a common practice in folding studies using 
FRET.[35, 42, 65, 68] Such a practice assumes that replacing the ribonucleotide with a 
deoxyribonucleotide will not change the overall folding patterns. However, in a single-molecule 
study of the Group II intron ribozyme, it is reported that replacing a ribonucleotide cytidine with 
a deoxyribonucleotide cytidine reduced the rate of the cleavage reaction and also reduced the 
frequency of high EFRET populations.[83] On the other hand, a single-molecule FRET study of 8-
17 with an active ribonucleotide at the scissile position and a bulk FRET study of the same 
DNAzyme with a deoxyribonucleotide at the same position showed that changing the 
ribonucleotide did not affect the folding kinetics significantly.[37]   
The FRET construct is shown in Figure 3.1b , and stems I, II, and III are labeled 
according to the naming convention of the hammerhead ribozyme[42, 65] and the 8-17 
DNAzyme.[35] To probe the folding of each stem by FRET, the stems were labeled with Cy3 and 
Cy5 fluorophores, as shown in Figure 3.1c-e. A six-carbon alkyl linker to the fluorophore was 
used to avoid perturbing the 39E/39S complex’s folding.[98-100] Of the positions fluorophore 
labeled, stem II had the highest probability of interfering with the DNAzyme/substrate complex’s 
folding and activity because the fluorophore is in the middle of the DNAzyme strand rather than 
at its end. To find which position was suitable for internal labeling at stem II, each of the three T 
bases in the stem II loop (shown in Figure 3.1b) was labeled with Cy5 and the activities of the 
modified enzymes were investigated using 32P-labeled substrates. All three modified enzymes 
maintain their activities (kobs are 1.6 ± 0.1, 2.0 ± 0.1, and 1.7 ± 0.1  min-1 for 18T, 21T, and  22T, 
respectively, which is similar to the observed rate of the unmodified construct (kobs is 2.1 ± 0.2 
min-1)). Since the 21T modification produced the most active modified enzyme, it was chosen for 
all internal labeling. 
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Figure 3.1 The sequences and secondary structures of the UO22+-specific DNAzyme/substrate used 
previously for fluorescent sensing[30] and the sequences and secondary structures modified for the FRET 
studies in this work. a) The UO22+-specific DNAzyme/substrate used for fluorescent sensing based on the 
catalytic beacon method. The substrate 39S strand is shown in black and the enzyme 39E strand is shown in 
green. The rA base shown in red in the middle of the substrate strand is at the cleavage site. b) The 
modified sequence used in activity assays to identify which position Cy5 could best be attached to for 
FRET studies. The arms are shortened on the left while extended on the right to make it symmetrical for 
FRET studies. An A•G wobble pair three bases from the scissile adenosine ribonucleotide (rA) is replaced 
with an A-T pair. Three T bases indicated by arrows are possible positions to introduce Cy5 into the loop 
(18T, 21T and 22T). The three arms are termed I (the linear stem composed of the 5'-end of the 39S strand 
and the 3'-end of the 39Estrand), II (the bulged loop in the middle of the 39E strand) and III (the linear stem 
composed of the 3'-end of the 39S strand and the 5'-end of the 39E strand). (c-e) The sequences, secondary 
structures, and positions of fluorophore pairs for FRET studies involving: c) Stems I-III, d) Stems I-II and e) 
Stems II-III. The rA at the cleavage site is replaced by adenosine deoxyribonucleotide. 
 
3.3.2.  FRET studies of metal ion dependent folding in buffer containing 100 mM Na+ 
By labeling the stems two at a time, one with a FRET donor (Cy3) and another with a 
FRET acceptor (Cy5), the folding of the three stems in the presence of Mg2+, Zn2+, Pb2+, or UO22+ 
was monitored in buffer containing 100 mM Na+ (50 mM Na-MES buffer, pH 5.5, and 50 mM 
NaNO3). One example of emission spectra at donor and acceptor excitation wavelengths and the 
calculation of EFRET versus Mg2+ concentration plot by acceptor normalization ((ratio)A method) 
under Mg2+ titration condition are shown in Figure 3.2. 
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Figure 3.2 Examples of original donor and acceptor emission spectra and EFRET obtained by the (ratio)A 
method during the metal titration process. 
 
3.3.2.1. Folding induced by Mg2+ or Zn2+  
Mg2+ and Zn2+ are common metal cofactors for DNAzymes that play structural or 
functional roles. For example, Mg2+ induces the folding of a four-way junction in the hairpin[71] 
and hammerhead ribozymes.[42, 65] The conformation of these and other nucleic acid enzymes 
depends on the ionic strength and concentration of specific species (such as surfactant[101-102]) 
in the buffer solution. Recent FRET studies of the 8-17 DNAzyme indicated that both Mg2+ and 
Zn2+ can cause this DNAzyme to fold.[34-35, 37] We therefore investigated the Mg2+- and Zn2+-
dependent folding of the 39E DNAzyme. As shown in Figure 3.3a, the FRET efficiency (EFRET) 
between stems I-II and II-III increased as the concentration of either Mg2+ or Zn2+ increased, 
suggesting that these metal ions induced the DNAzyme’s two stem pairs to fold more compactly. 
On the other hand, the FRET efficiency (EFRET) between stems I-III was largely unaffected by 
increasing metal ion concentrations, indicating that this pair did not undergo metal-ion-dependent 
folding. The apparent dissociation constants were obtained by fitting the folding curves in Figure 
3.3a,  and they were generally stronger for Zn2+ (1.6 ± 0.5 mM between stems I-II and 1.0 ± 0.2 
mM between stems II-III) than for Mg2+ (3.2 ± 0.4 mM between stems I-II and 5.5 ± 0.9 mM 
between stems II-III). Mg2+ induced a greater change in EFRET, which may correspond to different 
compact conformations. 
3.3.2.2. Folding induced by UO22+ or Pb2+  
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In contrast to those observed in Mg2+ and Zn2+-induced folding, addition of either UO22+ 
or Pb2+ only slightly changed the FRET efficiency within the concentration range that supports 
the DNAzyme’s activity (Figure 3.3b), suggesting that minimal global folding occurred in the 
presence of these two metal ions. 
 
 
Figure 3.3 Plots of FRET efficiency (EFRET) versus metal ion concentrations for different stems in the 
presence of 100 mM background Na+ and a) Mg2+ or Zn2+, b) Pb2+ or UO22+. 
 
Since the ionic radii of Mg2+, Zn2+, U (+6) in UO22+ and Pb2+ are 0.66, 0.74, 0.80 and 1.20 
Å, respectively[103], one explanation for 39E’s apparently different folding behaviours in the 
presence of these ions is the differing geometries of the metal ions it interacted with; the 
increased size of Pb2+ and the different, more linear shaped UO22+ ions do not induce significant 
folding in 39E DNAzyme while the smaller ions Mg2+ and Zn2+ do. To address this question 
further, we investigated the folding of stem II-III in the presence of the Group IIA series of metal 
ions (Mg2+, Ca2+, Sr2+) under buffer containing 100 mM Na+. The ionic radii for Mg2+, Ca2+ and 
Sr2+ are 0.66, 0.99 and 1.12 Å, respectively.[103] As shown in Figure 3.4, all three metal ions 
promoted 39E’s folding. The apparent binding affinity between these metal ions and 39E 
decreases as the ionic radius of the metal ions increases. Since the ionic radius of Sr2+ (1.12 Å) is 
comparable to that of Pb2+ (1.20 Å), yet still induces the DNAzyme to fold under identical 
conditions, these results suggest that size alone cannot account for the unique folding behaviours 
of Pb2+ and UO22+ in 39E DNAzyme. 
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Figure 3.4 Plots of EFRET versus the concentrations of Group IIA metal-ions (Mg2+, Ca2+, Sr2+) under buffer 
containing 100 mM Na+ for stem II-III. 
 
3.3.3. Correlation of folding with activity in buffer containing 100 mM Na+  
With the metal-ion-induced folding results in hand, we moved on to consider 39E’s 
structural information in the context its enzymatic activity results.[104]  The 39E DNAzyme is 
highly specific for UO22+ and has no observable activity in the presence of Mg2+ or Zn2+. For 
example, while 90% of its substrate was cleaved by 4 µM UO22+ in 10 minutes, no cleavage was 
observed over the course of two hours in the presence of either 50 mM Mg2+ or 6 mM Zn2+ (the 
highest concentrations of these two metal ions used in FRET experiments). As a result, it is 
difficult to correlate metal-ion-dependent folding with cleavage activity directly. Nonetheless, the 
correlation is still possible in competition experiments. As demonstrated above, even though 
Mg2+ and Zn2+ induced the 39E/39S complex’s stems I-II and II-III to fold, the enzyme was not 
active. We then wondered if Mg2+ and Zn2+ in the same concentration range would affect the   
UO22+-dependent activity of 39E. To answer this question, we carried out activity assays in the 
presence of 4 µM UO22+ and various concentrations of Mg2+ or Zn2+. Interestingly, the 39E’s 
UO22+-dependent activity decreased as the Mg2+ or Zn2+ concentrations increased (Figure 3.5), 
suggesting an inverse correlation between this DNAzyme’s folding ability and activity. More 
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importantly, the dissociation constants (Kd, refer to Table 3.1) obtained from these inhibition 
reactions correlated with those obtained from FRET studies. For example, the Kd for Mg2+ 
inhibition is 7.5 ±0.8 mM while the Kd for the Mg2+-induced folding of stems I-II and II-III are 
3.2 ± 0.4 mM and 5.5 ± 0.9 mM, respectively. On the other hand, the Kd for Zn2+ inhibition is 
0.28 ± 0.06 mM while the Kd for the Zn2+-induced folding of stems I-II and II-III are 1.6 ± 0.5 
mM and 1.0 ± 0.2 mM, respectively. These results suggest that the Mg2+- and Zn2+-induced 
folding of 39E inhibits its UO22+-dependent activity. The Kd from Zn2+ folding and inhibition 
experiments are all smaller than those for Mg2+. Many properties of metal ions will affect metal 
ion and nucleic acids recognition efficiency, such as charge, size, and coordination number.[14] 
These two metal ions have the same ionic charge (+2) and similar ionic radii (0.66 Å for Mg2+ 
and 0.74 Å for Zn2+), but Zn2+ has an intrinsically higher affinity for ligands than Mg2+. For 
example, Zn2+ has a stronger affinity for several binding sites of individual nucleic acid bases.[10]  
In this context, these results also suggest that Zn2+ binds more specifically to 39E than Mg2+ does; 
this is similar to what was found in the 8-17 DNAzyme study. 
 
 
Figure 3.5 Correlation of two folding stems’ FRET efficiencies and UO22+-induced cleavage rates in the 
presence of different concentrations of other fold-inducing metal ions (Mg2+ and Zn2+) in buffer 
containing100 mM Na+. The black line shows the kobs changes according to the fold-inducing metal ion 
(Mg2+ or Zn2+) concentrations.  The red and blue curves show the FRET efficiency fittings of stems I- II 
and II-III versus the fold-inducing metal ion concentrations. The UO22+ concentration used in the assays is 
4 µM. 
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Table 3.1 A summary of the Kd values from fittings of Mg2+ or Zn2+-dependent FRET curves of different 
stem pairs and the Mg2+ or Zn2+-dependent inhibition of UO22+-catalyzed activity in the presence of buffer 
containing 100 mM Na+. 
 
 Kd / mM  
(Stem I-II EFRET) 
Kd / mM  
(Stem II-III EFRET) 
Kd / mM  
(Stem I-III EFRET) 
Kd / mM  
(activity[a]) 
Mg2+ 3.2 ± 0.4 5.5 ± 0.9 no folding 7.5 ± 0.8 
Zn2+ 1.6 ± 0.5 1.0 ± 0.2 no folding 0.28 ± 0.06 
[a] This column lists the dissociation constants (Kd) based on fitting the Mg2+ or Zn2+ inhibition of UO22+ 
cleavage kobs curves.  
 
3.3.4. FRET studies of metal ion-dependent folding in buffer containing 30 mM Na+ 
While it is interesting to find a second example of the “lock-and-key” mode of catalysis 
in a DNAzyme, there is one qualifier. The metal ions that do not induce folding but do induce 
enzyme activity (UO22+ and Pb2+) were investigated at much lower concentrations than the metal 
ions that induce folding (Mg2+ and Zn2+); the former metal ions were used in nano- to micromolar 
ranges while the latter were used in the millimolar range. These concentration ranges were chosen 
because they are the concentration ranges at which they induce their respective activities. Such a 
difference in concentrations does raise the question of whether and how electrostatics plays a role 
in the folding and activities of DNAzymes. To answer these questions, we turned our attention to 
the ionic strength at which the folding and activities were carried out. The FRET studies of the 
39E DNAzyme system reported above was performed in a buffer containing 100 mM Na+ (50 
mM NaNO3 and 50 mM Na-MES pH 5.5) The conformations of hammerhead ribozyme mutants 
with three arms selectively elongated were studied under three conditions: in the absence of 
added ions, with Mg2+, and with Na+. These gel electrophoresis studies indicated that the global 
folding of the hammerhead ribozyme was highly dependent on the concentration and identity of 
the metal ions in its environment.[105] It was found that Na+ alone was not sufficient to induce 
the compact folding conformation that Mg2+ did, but, on the other hand, the presence of Na+ did 
not prevent the Mg2+-induced folding process from occurring. Also, the Holliday junction 
appeared to assume different conformations under high and low salt conditions.[88] In addition, 
FRET studies with RNase P RNA revealed that the concentration of Mg2+ critically affected its 
early conformation evolution.[106] Recent experimental and simulation studies have 
demonstrated that certain monovalent metal ions are also capable of inducing similar folding 
events and even cleavage activity in many ribozymes[71, 107-113] and in the 8-17 
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DNAzyme.[114] Therefore, we hypothesize that the stem I-III did not fold after the addition of 
Mg2+ or Zn2+ and that no folding was observed in any of the stems after adding UO22+ and Pb2+ 
because the DNAzyme had already folded into a defined conformation in the presence of the high 
concentration of monovalent ions (100 mM Na+) in the buffer. Evidence that supports this 
hypothesis is the high initial FRET efficiency between stems I-III (~0.3). To test this hypothesis, 
we lowered the concentration of Na+ to 30 mM using 30 mM Na-MES, pH 5.5, and repeated the 
FRET studies and activity assays. The concentration of Na+ is not zero because some ionic 
strength is needed to maintain DNA hybridization.      
3.3.4.1. Folding induced by Mg2+ and Zn2+ 
As shown in Figure 3.3a, in buffer containing 100 mM Na+, foldings were observed 
between two sets of arms except stems I-III. In contrast, when the same experiment was carried 
out in the presence of buffer containing 30 mM Na+, the FRET efficiencies between all three pairs 
of stems, including stems I-III, were observed to increase as the concentration of Mg2+ or Zn2+ 
increased (see Figure 3.6a).  While the folding of stems I-II and stems II-III had already been 
obvious under the buffer containing 100 mM Na+ conditions, the metal-ions bound 39E tighter 
under the buffer containing 30 mM Na+ conditions (see the dissociation constants (Kds) listed in 
Tables 3.2 and 3.3). These results suggest that the ionic strength provided by monovalent ions 
such as Na+ also affects 39E’s folding.  
In the general polyelectrolyte theory, counter-ion such as metal ions’ binding or 
condensation onto DNA has been classified into two categories: site-bounded (inner-sphere) and 
territorially bounded (outer-sphere).[11] Metal ions participating in nucleic acid enzymatic 
catalysis can also be classified as acting in catalytic or structural roles.[14, 115-116] Because of 
its phosphate groups, DNA’s backbone is negatively charged. Therefore, a certain number of 
positively charged ions are needed for two DNA strands overcome their electrostatic repulsion 
and form a complex. Monovalent ions present in the buffer normally play a significant structural 
role in DNA,[71] although they sometimes play a catalytic role in DNAzymes, because some 
DNAzymes have been selected in the absence of divalent metal ions.[117] Divalent ions normally 
play catalytic roles, but they can also bind DNA nonspecifically to serve in a structural role. 
Because of the differences in their charges and other related properties, these two types of ions 
may bind DNA at different locations.[118] In a single-molecule FRET study on a two-way 
junction hairpin ribozyme, monovalent and divalent ions were found to compete to interact non-
specifically with RNA. [119] 
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Figure 3.6 Plots of FRET efficiency (EFRET) versus metal ion (Mg2+, Zn2+, Na+, UO22+, and Pb2+) 
concentrations for different stems in buffer containing 30 mM Na+ and a) Mg2+, Zn2+, and Na+, b) UO22+ 
and Pb2+. 
 
3.3.4.2.  Folding induced by Pb2+ and UO22+  
In the presence of buffer containing 100 mM Na+, no Pb2+- or UO22+-dependent global 
folding was observed by FRET (Figure 3.3b).  In the buffer containing 30 mM Na+, however, 
both Pb2+- and UO22+-dependent global folding was observed (Figure 3.6b).  All three stems 
became more compact as the concentrations of Pb2+ or UO22+ increased. The apparent Kd’s for the 
global foldings of stems I-II, II-III, and I-III are 0.06 ± 0.01 mM, 0.03 ± 0.01 mM, and 0.019 ± 
0.007 mM, respectively for Pb2+, and 0.09 ± 0.04 µM, 0.07 ± 0.01 µM, and 0.12 ± 0.01 µM, 
respectively, for UO22+. These results strongly suggest that Pb2+ and UO22+ are capable of 
inducing global folding at very low concentrations if there are not enough other metal ions to 
fulfill the structural role. Importantly, Pb2+- and UO22+-induced folding is shown to be less 
significant than the folding induced by other metal ions (e.g. Mg2+ and Zn2+) since the EFRET 
change in the case of Pb2+ and UO22+ is around ~0.1 and resembles the Na+-induced folding.  
Therefore the lock-and-key catalysis mode depends on the conditions under which the 
investigations were carried out. The 39E operates in a lock-and-key catalysis mode for UO22+ 
when buffer containing 100 mM Na+ is present (50 mM NaNO3 and 50 mM Na-MES pH 5.5). 
Interestingly, even though Pb2+ induces global folding in the 39E/substrate complex as UO22+ 
does (i.e. there is no observed folding in buffer containing 100 mM Na+ and some folding in 30 
mM Na+), it does not confer any significant cleavage activity. The difference between the roles 
played by Pb2+ and UO22+ must be due to a specific binding site; the Pb2+ must not occupy the 
same binding site as UO22+ does in the 39E DNAzyme’s case. 
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3.3.4.3. Folding induced by the monovalent metal ion  
Since the previous experiment suggested that different concentrations of Na+ affect the 
39E/39S folding differently, we carried out systematic FRET studies of Na+-dependent folding of 
the three stems. As shown in Figure 3.6a, the EFRET between all stems (I-II, II-III, and I-III), 
increases as the concentration of Na+ increases, with similar binding affinities (Kd, I-II = 0.48 ± 
0.09 M, Kd, II-III = 0.6 ± 0.1 M, Kd, I-III = 0.3 ± 0.1 M). Comparing the initial EFRET values in Figure 
3.3 (0.15, 0.2 and 0.3 for stems I-II, II-III and I-III) and saturated EFRET values (Na+ titration) in 
Figure 3.6a (0.3, 0.4 and 0.3 for stems I-II, II-III and I-III) indicates that buffer containing 100 
mM Na+ is sufficient to fold stem I-III and partially fold stems I-II and II-III. 
3.3.5. Correlating 39E/39S’s folding with UO22+-dependent activity in the buffer containing 
30 mM Na+  
39E’s UO22+-dependent enzyme cleavage activities were measured under different Na+ 
concentrations ranging from 30 mM to 2500 mM (Figure 3.7a; 4 µM UO22+ was used).  The 
upper limit was 2500 mM, which is the highest Na+ concentration that has been used in folding 
studies (Figure 3.7a). Beginning with the buffer containing 30 mM Na+ concentration, the kobs of 
the 39E DNAzyme was very small, ~0.04. As the Na+ concentration increased, the kobs rapidly 
increased, then plateaued between 100 mM and 500 mM, after which it decreased. This trend 
revealed a correlation between the Na+-dependent folding and 39E UO22+-dependent cleavage 
activity. At the beginning, 30 mM Na+ concentration was not enough to neutralize 39E/39S 
complex’s backbone to allow it to form its active conformation, resulting in low activity. As the 
Na+ concentration increased, more and more positive ions were provided and the complex 
gradually folded into the correct conformation; the enzyme activity recovered accordingly. After 
reaching the optimal concentration, additional Na+ probably induced alternative folding that 
interfered with the 39E DNAzyme’s activity.   
3.3.6. Correlation of the 39E’s folding with its UO22+-dependent activity in the presence of 
difference concentrations of Mg2+ and buffer containing30 mM Na+  
Similar to the trend in the Na+-dependent activity assay, the kobs of UO22+-specific 
cleavage in the presence of buffer containing30 mM Na+ increased rapidly with the Mg2+ 
concentration until the Mg2+ concentration reached ~2 mM, after which the kobs decreased  
(Figure 3.7b). To the best of our knowledge, this is the first time that Mg2+ is observed to 
promote catalysis at low concentration, while to inhibit catalytic reaction at high concentration. 
As explained above in the Na+ study, the DNAzyme proceeded through three stages as Mg2+ was 
added: a less-active state (the DNAzyme was incompletely folded), an active state (the DNAzyme 
was sufficient folded when there was ~2 mM Mg2+), and a less active state (the DNAzyme was 
55 
 
folded unproductively). In contrast to the gradual transitions seen in the Na+ study, the transitions 
in the Mg2+ case was rather rapid; instead of reaching a plateau at 2 mM, the kobs decreased 
dramatically. This contrast suggests that Na+ neutralizes nucleic acids’ charge less strongly than 
Mg2+ does, and these results agree with results previously obtained with several RNA structures. 
Since Mg2+ is divalent it binds to folded RNA more readily than Na+ does.[14] Another 
interesting observation is that 39E’s kobs values at each Mg2+ concentration are lower than its kobs 
at buffer containing 100 mM Na+. This result makes sense because, from the FRET data, 39E’s 
binding affinities for Mg2+ in buffer containing 30 mM Na+ are much greater than its affinities for 
Mg2+ in buffer containing 100 mM Na+. In Figure 3.7b, the kobs results at buffers containing 100 
mM and 30 mM Na+ are also fitted for comparison. The Kd values obtained from fitting kobs at 
buffers containing both 30 mM and 100 mM Na+ (Table 3.2) also support the idea that the 39E 
DNAzyme adopts a conformation that binds more tightly to Mg2+ at buffer containing 30 mM 
Na+ than at 100 mM. Interestingly, despite the difference in the kobs between the buffers 
containing 30 mM and 100 mM Na+ conditions at low Mg2+ concentrations, the kobs fitting curves 
converge at the highest concentration (50 mM Mg2+), suggesting that the initial small ionic 
strength difference provided by insufficient monovalent ions is compensated by the increasing 
concentration of Mg2+, and is eventually dominated by the large concentration of divalent metal 
ions. These different activity trends provide further evidence for the transition from diffusive-
binding modes to site-binding modes. 
   
Figure 3.7 The correlation between the FRET efficiencies of 39E’s three folding stems and the UO22+-
induced cleavage rates in the presence of different concentrations of Na+ and Mg2+ and a 30 mM back-
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(Figure 3.7 cont.) ground Na+ concentration. a) Na+ titration: the black line shows the kobs changes 
according to the fold-inducing metal-ion (Na+) concentration.  The red, blue, and green curves show the 
fittings of FRET efficiencies between stems I- II, II-III, and I-III versus the fold-inducing metal-ion (Na+) 
concentrations. b) Mg2+ titration: the black solid line and dashed line show the kobs changes according to the 
fold-inducing metal-ion (Mg2+) concentration under 30 mM and 100 mM background Na+ concentration 
respectively.  The red, blue, and green curves show the fittings of FRET efficiencies between stems I- II, II-
III, and I-III versus the fold-inducing metal-ion (Mg2+) concentrations. The UO22+ concentration used in 
these assays was 4 µM. 
 
Table 3.2 A comparison of the Kd values obtained by fitting Mg2+-dependent FRET curves of different 
pairs of stems and the Mg2+-dependent inhibition of UO22+-induced catalytic activity in the presence of 
buffer containing either 100 mM or 30 mM Na+. 
 
Mg2+ titration Stem I-II Stem II-III Stem I-III activity[a] 
Kd / mM (100 mM Na+) 3.2 ± 0.4 5.5 ± 0.9 no folding 7.5 ± 0.8 
Kd / mM (30 mM Na+) 1.7 ± 0.3 0.6 ± 0.1 5.1 ± 0.6 3.9 ± 0.7 
[a] This column lists the dissociation constants (Kds) based on fitting the Mg2+ inhibition UO22+ cleavage 
kobs curves. In the case of buffer containing 30 mM Na+, only the region where kobs is decreasing is used in 
the fitting. 
 
Table 3.3 A comparison of stems’ binding affinities when titrating Zn2+ under buffer containing 100 mM 
and 30 mM Na+ conditions.   
 
Zn2+ titration Stem I-II Stem II-III Stem I-III 
Kd / mM  (100 mM Na+) 1.6 ± 0.5 1.0 ± 0.2 no folding 
Kd / mM  (30 mM Na+) 0.5 ± 0.1 1.0 ± 0.4 1.0 ± 0.2 
   
3.3.7. Comparison between the 39E and 8-17 DNAzymes  
The UO22+-specific DNAzyme 39E and the Pb2+-specific DNAzyme 8-17 are two 
efficient metal-ion-specific DNAzymes with similar secondary structures. Useful insights were 
obtained into these enzymes’ activity by comparing the similarities and differences in their metal-
ion-induced folding patterns at optimal ionic strengths in their FRET studies: 
3.3.7.1. Mg2+ and Zn2+ induce folding 
Mg2+ and Zn2+ can both induce the 39E and 8-17 DNAzymes to fold. The apparent Kd’s 
obtained for 39E were generally stronger for Zn2+ (1.6 ± 0.5 mM between stems I-II and 1.0 ± 0.2 
mM between stems II-III) than for Mg2+ (3.2 ± 0.4 mM between stems I-II and 5.5 ± 0.9 mM 
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between stems II-III), which was similar to the Kd’s observed for the 8-17 DNAzyme. The 
difference between the effects of Mg2+ and Zn2+ on the 39E DNAzyme was less pronounced (e.g., 
the Kd for Mg2+ was 1.36 ± 0.24 mM and 0.840 ± 0.023 mM for stem I-III and II-III respectively 
while the Kd for Zn2+ was 52.6 ± 2.3 µM and 83.2 ±12.6 µM for stem I-III and II-III respectively). 
In terms of cleavage activity, the 8-17 DNAzyme also displayed a larger difference in Zn2+- and 
Mg2+-induced cleavage activity, as Zn2+ induces a much faster cleavage rate than Mg2+ does 
(kobs(2 mM Zn2+) = 2.7 min-1, kobs(2 mM Mg2+) = 0.018 min-1). On the other hand, the 39E 
DNAzyme appeared to have a much higher selectivity for UO22+ over other metal ions and so the 
difference between the concentrations needed for Mg2+- and Zn2+-induced folding from FRET 
results was smaller.   
3.3.7.2. The most active metal ions induce no conformational change 
 Previous FRET folding studies of the 8-17 DNAzyme indicated that Mg2+ and Zn2+ can 
cause substantial folding while Pb2+ does not,[35, 37] supporting the hypothesis that the 8-17 
DNAzyme is optimal in its resting state to support Pb2+-dependent catalysis without the need for 
global folding. Similarly, the 39E DNAzyme does not show significant conformational changes 
in the presence of the species that induces its highest activity--UO22+. Since the “lock-and-key” 
mode of catalysis has only been demonstrated in one DNAzyme to date, the question remains as 
to how general this mode of catalysis is in DNAzymes. We have now found a second example of 
this mode of catalysis, suggesting that it is more commonly used by DNAzymes. This conclusion 
is at least true for some of the most efficient DNAzymes, because both the 8-17 and the 39E 
DNAzymes fall into this class.  
3.3.7.3. Different overall folding schemes for 39E and 8-17 DNAzymes 
Based on the aforementioned two points, a metal-ion-dependent folding pattern for 39E 
DNAzyme at optimal ionic strength emerges (Figure 3.8b, the 39E sequence is shown in Figure 
3.8a). For comparison, the folding scheme of the 8-17 DNAzyme reported previously[35] is also 
shown in Figure 3.8d (8-17 sequence is showin Figure 3.8c). If we use the same nomenclature 
for the arms of stem I, II and III, then in response to Mg2+ and Zn2+, stem III of the 8-17 
DNAzyme complex folds toward the plane defined by stems I and II. In the 39E DNAzyme, 
however, in response to Mg2+ and Zn2+, stem II (containing its internal loop region) folds towards 
the plane defined by stems I and III. It is proposed that metal ions could bind to regions of highly 
negative electrostatic potentials in RNA structures.[14] These FRET results suggest that each 
DNAzyme has its own conformation in which a different electrostatic potential exists between 
different stems. The same metal ions will thus selectively bind to these regions to induce different 
folding patterns. 
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Figure 3.8 The folding schemes of the UO22+-specific DNAzyme 39E and the Pb2+-specific DNAzyme 8-
17 in response to different metal ions. a) The 39E/substrate sequence used in these FRET experiments; b) 
The folding scheme of the UO22+-specific DNAzyme 39E/substrate; c) The sequence of the 8-17/substrate 
sequence used in these FRET experiments; d) The folding scheme of the Pb2+-specific DNAzyme 8-17. The 
enzyme strand is shown in green and the substrate strand is shown in black. 
 
3.3.7.4. Different effects of Mg2+- and Zn2+- induced folding on cleavage activity  
In the case of the 8-17 DNAzyme, Mg2+- and Zn2+-induced folding is conducive for its 
enzymatic activity, although this activity follows a different reaction pathway than the pathway 
induced by Pb2+.[35, 37] Mg2+ and Zn2+ induce the 8-17 DNAzyme to fold and then induce the 
cleavage, and the folding and activity were found to be highly correlated; the higher the binding 
affinity of its FRET-based folding, the higher its binding affinity based on activity[35]. In the 
case of the 39E DNAzyme, Mg2+- and Zn2+-induced folding is not conducive for 39E’s enzymatic 
activity. Mg2+ and Zn2+ can only induce 39E to fold but cannot lead to the cleavage reaction. 
More interestingly, Mg2+- and Zn2+-induced folding is counterproductive, preventing UO22+-
dependent cleavage from occurring. 
 
3.4. Conclusions 
In summary, the metal-ion-induced folding of the UO22+-specific DNAzyme 39E has 
been investigated by FRET and its folding has been correlated with its UO22+-specific cleavage 
activity in the presence of other metal ions. This study found that the UO22+-specific DNAzyme 
operates in a lock-and-key mode of catalysis, just as the Pb2+-specific 8-17 DNAzyme does. In 
contrast to their effects on the 8-17 DNAzyme, however, Mg2+ and Zn2+ induce the 39E/39S 
complex to assume a conformation that inhibits its UO22+-specific activity. By lowering the ionic 
strength, we have separated the roles of metal ions (such as Na+) that act as non-specific 
59 
 
electrostatic neutralizers from metal ion (such as UO22+) that are selective metal cofactors for 
enzymatic activities; other metal ions (such as Mg2+) are shown to transition from general charge 
neutralizers to more specific binders. Therefore, whether or not a DNAzyme will operate in a 
lock-and-key catalytic mode depends on the ionic strength of its environment. 
 
3.5. Future directions 
3.5.1. The metal induced folding conformation of mutant at the G·A wobble pair next to the 
cleavage site 
It is found that a G·A wobble pair adjacent the cleavage site (rA) is highly conserved (as 
scheme shown in Figure 3.1b).[45] This is similar as fact that the G·T wobble pair adjacent the 
cleavage site (rA) seems to be essential in 8-17 DNAzyme study.[33] Although it is clear that the 
mutation of wobble pair next to the cleavage site will significantly reduce the cleavage reactivity, 
there is no structural explanation for this phenomenon. One of the possible reasons might be that 
the wobble pair is heavily involved in the overall folding interaction. And the mutation at this 
wobble pair position will interference the original folding pattern, as a result, the final 
conformation is misfold and less active. So it might be interesting to study the metal induced 
folding conformation of one of the mutant structures. 
3.5.1.1. Choose a mutant enzyme 
The original wobble pair next to the cleavage site is a G·A wobble pair with A on the 39E 
strand (as shown in Figure 3.1b).  In order to disturb this wobble pair, we can either mutate bases 
on the substrate 39S or on the enzyme 39E. Here we want to use a mutant enzyme so site specific 
mutation is done on the A part of the G·A wobble pair. Instead of A, there are other three possible 
bases, G, C and T. Fluorescence based gel activity assay is done using the 5' Cy3 labeled (1)39S(-
5) and (-5)39E(1) with a G, C or T mutant at the G·A wobble pair position (as shown in Figure 
3.9).  
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Figure 3.9 The sequence for a 39E mutant for FRET folding studies. A G·A wobble pair next to the 
cleavage site rA is conserved for UO22+ induced cleavage activity. Site specific mutations are done at this 
G·A wobble pair on the enzyme side, such as mutation A into G, C or T base (shown in purple color).  
 
From the gel figure (shown in Figure 3.10, 4 µM UO22+, 50 mM NaNO3, 50 mM Na-
MES, pH 5.5, time points: 0, 0.5, 1, 2, 5, 10, 30 min), three mutants with G, C and T bases all 
show significantly reduced cleavage activity. Since the reaction is too slow, accurate reaction rate 
is not calculated. But from the gel figure, it is possible to roughly to rank the reaction rate of the 
four mutants, A>>T>C>G. Here I choose the fastest mutants among the three, a G·T wobble pair 
as a mutant structure to study the metal induced folding conformational changes.  
 
 
Figure 3.10 Fluorescent activity assay gel of mutant of the G·A wobble pair near the cleavage site: mutate 
the A on the enzyme strand to T, C or G while substrate strand is the same with Cy3 modification. The 
lower gel band shows wild type 39E with A and mutant with T and C. The upper gel band shows mutant 
with G. Wild type 39E with A shows much higher activity than the other three mutants. Among the three 
mutants, mutant with T cleaves faster than C and G while C and G mutants show similar activity. The 
reason for the ladder formation under the uncleaved substrate bands is not clear and it is the reason that 
quantification is not possible. The purity of the Cy3 substrate seems high according to the mass 
spectroscopy and this has never been observed using the Fam labeled substrate. Maybe something is wrong 
with the gel solution or running buffer. 
 
3.5.1.2. Metal induced folding studies 
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We used the same fluorophore labeling constructs as shown in Figure 3.1 c-e except the 
(-5)39E(1) with a G·T mutant instead of the original G·A wobble pair next to the cleavage site. 
Similar as the (-5)39E(1) FRET studies, Mg2+, Zn2+, UO22+ and Pb2+ titration are used for 
conformational change studies.  
3.5.1.3. Activity and folding study correlation 
To correlate the conformational change information from FRET studies, cleavage activity 
in the presence of folding induced metal ions (Mg2+ and  Zn2+) together with cleavage induced 
metal ion UO22+ are needed.  
3.5.2.  Probing another loop structure in 39E structure 
In the above FRET study, the internal Cy5 modification is put at the big loop of the 39E 
structure. However, there is another small loop closer to the 3' end of the 39E structure. In the 
folding scheme proposed in Figure 3.8, it is assumed that the loop parts show a consistent 
conformational change, and always appear in a coaxial alignment without a relative distortion 
from the alignment. But this might not be true. So it is necessary to introduce the internal Cy5 
fluophore at the small loop region to direct probe the small loop interaction to see whether it is 
consistent with those results got from the big loop. Normally, internal fluorophore modification is 
done on the T bases. As a result, the two T bases in the small loop (32T and 33T indicated in 
Figure 3.11) are prospective sites for introducing the internal fluorophore modifications.  
 
 
Figure 3.11 FRET study using 10T internal Cy3 (indicated by a purple circle) modified (1)39S(-5) and 
internal Cy5 modified on 32 T or 33T (shown by the blue arrows) of (-5)39E(1).  
 
The (-5)39E(1) with (CH2)6 and NHS dT modification at either 32T or 33T position is 
used for gel based activity assay to see whether the modification might reduce the cleavage 
activity. For comparison, the activity of original (-5)39E(1) without such linker is also tested. 
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Fam labeled original 39S substrate is used (4 µM UO22+, 50 mM NaNO3 and 50 mM Na-MES, 
pH 5.5). From the activity assays shown in Figure, 32T with C6 NHS ester dT modification shows 
similar cleavage activity as 39E without modification while 33T with C6 NHS ester dT 
modification shows a dramatic decrease in its activity (kobs values are 2.26 ± 0.08 min-1. 0.47 ± 0.04 
min-1 and 1.79 ± 0.09 min-1 for 32T, 33T and original (-5)39E(1)). It is proposed that the small loop in 
39E might be related to the metal ions binding site. The observed decrease in 33T with C6 NHS 
ester dT modification might be due to this base involvement with metal ion binding interaction. In 
order not to disturb the UO22+ induced cleavage activity, internal Cy5 modification can be 
introduced to 32T position. In addition for its FRET pair, Cy3, can be introduced at 10T of the 
(1)39S(-5) (as shown in Figure 3.12). With this Fluorophore labeling position, metal induced 
conformational change can be monitored specifically for the small loop. Metal titrations with 
Mg2+, Zn2+, UO22+ and Pb2+ should be tried to see whether the small loop folding effect is in the 
similar fashion as the big loop folding results.  
 
 
Figure 3.12 UO22+ cleavage activity for C6 NHS dT modifications at 32T, 33T and no modifications on (-
5)39E(1): A) 32T (kobs is 2.26 ± 0.08 min-1); B) 33T (kobs is 0.47 ± 0.04 min-1); C) (-5)39E(1) without 
modifications (kobs is 1.79 ± 0.09 min-1).  
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CHAPTER 4 
SINGLE MOLECULE FLUORESCENCE RESONANCE ENERGY TRANSFER STUDY 
OF URANYL DNAZYME 
4.1 Introduction 
It is well known that enzyme is a class of natural protein with catalytic function. In the 
1980s, ribozyme, enzyme-like functional RNA, are discovered in the nature system.[1-2] 
However, it is surprising that some DNAs, which are commonly regarded as a passive genetic 
information vector, also have special functions. These special DNAs are called functional DNAs, 
including DNAs with catalytic functions (catalytic DNA or DNAzyme), with strong binding 
affinity to specific targets (DNA aptamer) and with stimulus regulated catalytic function (DNA 
aptazymes).[3] Functional DNAs have not been found in nature yet, but been obtained via a 
combinatory technology called in vitro selection.[4] DNAzymes can catalyze a lot of different 
reactions, such as cleavage, ligation, methylation and so on.[5]  Metal ions are usually found as 
cofactor for ribozyme catalysis, just the same case as their metalloprotein enzyme 
counterparts.[6-11] For example, certain metal ion binding sites are found in the crystal structures 
of hammerhead ribozyme from x ray crystallography studies.[12]  DNAzymes may also recruit 
metal ions as cofactors. This especially holds for one subclass of DNAzymes capable of 
catalyzing the cleavage of nucleic acids in response to specific metal ions. They are selected and 
further developed into various metal ion sensor systems, such as fluorescent sensors,[13] 
colorimetric sensors[14] and electrochemical sensors,[15] by coupling with different signal 
reporters. In our lab, Pb
2+
 and UO2
2+
 specific DNAzymes have been successfully selected, which 
are called 8-17 and 39E, respectively. Remarkably, a  fluorescent catalytic beacon sensor based 
on 39E has a detection limit of as low as 45 pM, which is more than 3 orders of magnitude lower 
than the safety standard of the Environmental Protection Agency (EPA) regulated level (126 nM)  
for UO2
2+
 in the drinking water.[16] What’s more, a label free fluorescent sensor of 39E 
DNAzyme based on abasic site strategy has a detection limit of 3 nM.[17] In addition, a UO2
2+
 
colorimetric sensor based on the UO2
2+
 DNAzyme and gold nanoparticle reporters has a low 
detection limit of 50 nM and 1 nM for the labeled and label free fashions, respectively.[18]  
Prompted by the excellent selectivity and sensitivity of the UO2
2+
 DNAzyme sensor 
system, we want to investigate the mechanism of metal ion recognition, which might be 
responsible for the above-mentioned extraordinary performance. We are more interested in 
investigating the conformation information by biophysical characterization, according to the 
general principle that structure determines property. There are many interesting questions needed 
to be addressed. For example, what is the tertiary structure of the 39E DNAzyme? Is there any 
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conformational change after binding metal ions? Why the DNAzyme is so specific and selective 
for UO2
2+
? What is the function of metal ion in the DNAzyme/substrate system? Normally, a 
concomitant conformational change is observed following the binding of specific metal ions, 
activating the ribozyme catalytic functionality. And there are several biophysical methods to 
provide the structural information, such as fluorescence resonance energy transfer (FRET),[19-22] 
X-ray crystallography,[23] nuclear magnetic resonance (NMR),[24] electron paramagnetic 
resonance (EPR)[7] and so on. Among them, X-ray crystallography is able to provide the ultimate 
detailed structural information. But it is usually difficult to obtain a crystal structure of nucleic 
acids. Up to now, only a few crystal structures of ribozymes, DNAzymes and special DNA 
structures have been reported, such as hammerhead ribozyme,[12, 25-31] hairpin ribozyme,[32-
33] hepatitis delta virus ribozyme,[34-35] group I intron ribozyme,[36-39] 10-23 DNAzyme,[23] 
DNA Holliday junction.[40-43] Due to the presences of so many H atoms of different chemical 
environments in DNAzyme structures, the interpretation of 
1
H NMR results is also very difficult. 
Here, we choose a fluorescence technique, FRET, to study the conformational change of 39E 
system by directly tracing the interfluorophore distance change. Long-range distance (10-100 Å) 
interfluorophore interaction information is provided by FRET method.[44] It has been widely 
used to study biomolecule conformational changes, such as proteins,[45-47] ribozymes 
(hammerhead ribozyme,[48-54] hairpin ribozyme[55-57] hepatitis delta virus (HDV) 
ribozyme,[58-62] Neurospora Varkud satellite (VS) ribozyme,[63-67] Group II intron 
ribozyme,[68-69] Diels-Alderase ribozyme[70-71]), Holliday junction,[72-76] and 8-17 
DNAzyme system (for both ensemble[19, 22] and single molecule[20-21] FRET).   
In Chapter 3, the metal induced conformational change of UO2
2+
 DNAzyme 39E system 
has been studied by ensemble FRET method. It is found that Mg
2+
 and Zn
2+
 can induce folding of 
loop stem towards the other two duplex stems at the optimal ionic strength (50 mM NaNO3 and 
50 mM Na-MES, pH 5.5) while Pb
2+
 and UO2
2+ 
are not capable of inducing any of such changes 
under the same condition. In terms of enzyme cleavage activity, UO2
2+
 induces a very fast 
cleavage rate (kobs is around 1 min
-1
) at 4 µM UO2
2+
 under single turnover condition and superior 
selectivity over 19 other metal ions since no cleavage product is observed in the presence of any 
other metal ion within 15 min, except for Pb
2+ 
that shows 10% cleavage at 1 mM.[77] Combining 
the two facts together, it is interesting to propose that the 39E is formed in a certain pre-organized 
conformation, ready to uptake UO2
2+
, without the need of further conformational change.  In 
addition, the folding caused by Mg
2+
 and Zn
2+
 will not facilitate the enzyme cleavage activity by 
themselves, but inhibit the UO2
2+
 dependent cleavage activity. This is in contrast to Pb
2+
 
DNAzyme 8-17 and a lot of ribozyme examples in which the Mg
2+
 induced foldings are 
74 
 
conductive for their catalytic functions. In 8-17 system, Pb
2+
 induces the fast cleavage rate 
without concomitant conformational change while Mg
2+
 and Zn
2+
 induce folding first and then 
slower cleavage. So no conformational changes are observed in the presence of most active metal 
ions in both two DNAzymes. What makes the 39E/39S system more complicated than the 8-
17/substrate system is that 39E has a very good selectivity over other metal ions. As a result, it is 
not possible to compare the cleavage rates induced by UO2
2+
 to that by other metal ions at the 
same time. So it is difficult to correlate the metal induced folding level with its cleavage rates. 
However, we came up with another indirect comparison, in which, UO2
2+
 induced cleavage 
activities are measured in the presence of various concentrations of Mg
2+
 and Zn
2+
. It is found that 
the higher the folding levels, the lower the activities are. Those results suggest that the folding 
induced by Mg
2+
 and Zn
2+
 might affect the optimal conformation for UO2
2+
 binding and cleavage 
as well. 
As a follow-up, single molecule FRET is used to study the 39E/39S system. Compared 
with ensemble FRET experiment, single molecule FRET (smFRET) study has several 
advantages.[78-81] Firstly, the subpopulation distribution can be discovered from the ensemble 
average. Secondly, kinetics information, such as the stepwise reaction time, is obtainable. With 
the smFRET investigation, we would like to gain additional information for UO2
2+
 39E system 
complement to the ensemble FRET results.  
 
4.2 Experimental 
4.2.1 Materials  
All oligonucleotides except for 39E with internal labeled Cy5 and 5' end 5T biotin 
modifications were purchased from Integrated DNA Technologies Inc. (Coralville, IA, USA) 
with HPLC purification. The 39E with internal labeled Cy5 and 5’ end 5T biotin modifications 
was purchased from Trilink BioTechnologies, Inc. (San Diego, CA, USA) with HPLC 
purification. Uranium acetate dihydrate was purchased from Fisher Scientific (Pittsburgh, PA, 
USA). Neutravidin was ordered from Pierce. Catalase (bovine liver) was ordered from 
Calbiochem (EMD chemicals, Gibbstown, NJ, USA). All other chemicals were purchased from 
Sigma-Aldrich (St. Louis, MO, USA) without further purification. Quartz microscope slide was 
ordered from G. Finkenbeiner Inc. (Waltham, MA, USA). Epoxy was ordered from Devcon 
(Danvers, MA, USA). 
4.2.2 Fluorescence kinetic studies 
Sixty nanomolar fluorophore (F) and quencher (Q) labeled 39E/39S (shown in Figure 
4.1C) were annealed in a buffer containing 100 mM [Na
+
] (50 mM NaNO3, 50 mM MES-Na
+
, 
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pH 5.5) (other salt conditions were also used and mentioned in the “results and discussions” 
section). The DNA solution was first heated in 80°C water bath for 1 min and slowly cooled 
down to room temperature for 1-2 hr. Normally UO2
2+
 solution was added 40-60 s after the scan 
starts. And the scan lasted until the fluorescence change had saturated in 15 min with 20 s interval. 
4.2.3 Single molecule FRET experiments 
In the single molecule experiment, fluorophore labeled DNA was immobilized onto 
quartz slide via biotin-neutravidin interaction. The DNA complex was formed using 1.5 µM 39S 
and 1 µM 39E. The excess of 39S is to ensure 1:1 complex since 39E is immobilized on the 
surface via the biotin tag. Firstly, quartz slide was incubated with 1 mg/mL BSA·biotin for 30 
mins. Secondly, the BSA·biotin coated slide was incubated with 0.25 mg/ mL neutravidin for 30 
mins. Thirdly, 50 to 100 pM biotin labeled 39E/39S complex (annealed in 80°C water bath and 
slowly cooled down to room temperature for 1-2 hours) was applied onto the neutravidin 
modified quartz slide to incubate for 5-10 min.  Then the channel was fluxed with 39E buffer (50 
mM NaNO3 and 50 mM Na-MES, pH 5.5) several times to remove the unbound DNA molecules 
and finally with imaging buffer (50 mM NaNO3, 50 mM Na-MES, pH 5.5, 0.7 - 1 mg/mL Trolox 
and an oxygen-scavenging system composed of 1-2 mg /ml glucose oxidase, 0.04% mg/mL 
catalase and 1% (w/v) D-glucose). The mixture of glucose oxidase and catalase was added to the 
imaging buffer right before the illumination in order to prevent rapid consumption of the enzymes 
and the change of solution pH value. The time resolution was 0.1 ms. Trolox was dissolved in 
water at the concentration of 0.7-1 mg/mL H2O, with the addition of 5 mM NaOH and the 
solution was shaken in cold room overnight. To make the mixture of glucose oxidase and catalase, 
10-20 mg glucose oxidase was dissolved in 100 µL T50 (50 mM NaCl and 10 mM Tris, pH 8) 
solution; 2 µL catalase solution was added; and the solution was centrifuged at 10,000 rpm for 2 
min. Only the supernatant of the mixture was added to the imaging buffer. All the data were 
analyzed using Matlab programs and the statistic results were plotted with Origin 8.5. Here 0.14 
was chosen as the leakage correction parameter. EFRET was calculated according to the signal 
intensities in both green the red channel with the following equation:  
0.14
0.14
A D
FRET
A D D
I I
E
I I I
 

  
 
For the histogram over EFRET distribution, an exponential decay equation was used for fitting:  
1 1 0exp( / )y A x t y    , 
where t1 is the decay time.  
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4.3 Results and discussions 
4.3.1 Sequence design 
According to the ensemble FRET results of UO2
2+
 specific DNAzyme 39E, stem II, 
which is the big loop stem, will fold towards the plane spanned by stem I and stem III (folding 
scheme shown in Figure 4.1A) in response to Mg
2+
 and Zn
2+
. In order to monitor the folding 
trend in smFRET experiment, 39E with Cy5 internally labeled at the stem loop and 39S with Cy3 
labeled on either the 3' or 5' end were used (Figure 4.1B). Since the lengths of two short strands 
on both sides of the cleavable site of the modified substrate strand are almost the same (around 10 
bases), both short strands will be released at a similar rate after the cleavage reaction. Here 39S 
with Cy3 labeled at the 5' end was used for all the experiments (unless mentioned elsewhere). For 
the cleavage reaction kinetics studied at ensemble level, a fluorophore and double quencher 
labeling strategy is adopted in order to further reduce the initial background fluorescence.[82] A 
fluorophore (Cy3) is labeled at the 5' end of substrate while two quenchers (BHQ_2) are labeled 
at 3' end of the substrate and 5' end of the enzyme, respectively (shown in Figure 4.1C).  
 
Figure 4.1 The sequence design of the UO2
2+
 DNAzyme 39E for single molecule experiments: A) 
proposed folding scheme for UO2
2+
 DNAzyme in the presence of Mg
2+
, Zn
2+
, UO2
2+
 and Pb
2+
, obtained 
from ensemble FRET experiments. B) The sequence of the UO2
2+
 DNAzyme used for single molecule 
FRET experiment. For the uncleavable substrate, the rA at the cleavage site was changed to A to prevent 
cleavage reaction. Cy3 and Cy5 are chosen as the fluorophore donor and acceptor pairs. Cy3 is labeled at 5' 
end of the modified substrate (1)39S(-5) and Cy5 is internally labeled at one of the T in the stem loop 
region of the modified enzyme (-5)39E(1).  At the 3' end of (-5)39E(1), a 5 T base linker are adopted for 
the biotin modification. The biotin modification is used for surface attachment of the DNAzyme/substrate 
complex onto the neutravidin modified quartz slide for single molecule experiment. C) The sequence and 
fluorophore labeling scheme of the UO2
2+
 DNAzyme for cleavage kinetics monitored at the ensemble level. 
A fluorophore (Cy3) is labeled at the 5' end of substrate while two quenchers (BHQ_2) are labeled at 3' end 
of the substrate and 5' end of the enzyme, respectively. In this way, the initial background fluorescence can 
be further reduced.  
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4.3.2 Optimization of the buffer condition using flurophore and quencher labeled 
DNAzyme/substrate complex  
In ensemble FRET experiments, a non-cleavable substrate is used to prevent the cleavage 
reaction occurring during the monitoring process of metal induced conformational change upon 
addition of metal ion. In the single molecule FRET experiment, it is possible to use the cleavable 
substrate to observe both folding and cleavage simultaneously. For example, in single moclecule 
FRET study on the Pb
2+
 DNAzyme 8-17, both folding and cleavage kinetics are obtained in the 
presence of Mg
2+
 and Zn
2+
 ions when tracking the FRET change for each individual 
DNAzyme/substrate complex.[20] And the cleavage rate is comparable with the gel based 
activity assay. Same strategy is applied to 39E/39S complex system, expecting to observe the 
cleavage kinetics and hidden FRET subpopulation that is not captured in the ensemble FRET 
experiments.   
However, for smFRET experiment, the imaging buffer also contains trolox and 
enzymatic oxygen scavenging system[78, 83-84] in addition to 39E reaction buffer (50 mM 
NaNO3 and 50 mM MES-Na, pH 5.5). Whether their presence will affect the 39E cleavage 
reaction is uncertain. In the smFRET study of 8-17 DNAzyme, it is found that the enzymatic 
oxygen scavenging system at normal strength inhibits the 8-17 DNAzyme catalytic function in 
the presence of Pb
2+
 and a reduced strength of enzymatic oxygen scavenging system is needed to 
maintain the majority of the DNAzyme function.[20] In addition, the 39E DNAzyme activity has 
already been demonstrated sensitive to buffer pH as it is found that the pH dependent activity of 
this DNAzyme appears a bell shape with the highest activity around pH 5.5. One of the reaction 
products of the enzymatic oxygen scavenging system is gluconic acid (C6H12O7), which will 
lower the buffer pH and might affect the cleavage reaction rate of the 39E DNAzyme during the 
process of single molecule experiment. So we used the fluorophore and quencher labeled 
39E/39S complex (scheme is shown in Figure 4.1C) to optimize the imaging buffer condition.   
Firstly, the fluorescence kinetics spectra based on flurophore and quencher (FQ)-labeled 
modified 39E/39S in the presence of  different UO2
2+
 concentrations (50 nM, 100 nM, 200 nM, 
500 nM, 1 µM) and two Na
+
 conditions (100 mM and 300 mM) are shown in Figure 4.2. 
Normally, buffer containing 100 mM Na
+
 condition (50 mM NaNO3 and 50 mM MES-Na, pH 
5.5) was used for my ensemble and single molecule FRET experiments. This condition is 
different from buffer containing 300 mM Na
+
 condition (250 mM NaNO3 and 50 mM MES-Na, 
pH 5.5) used in the first UO2
2+
 DNAzyme selection and fluorescent sensor paper.[16] This is 
because 300 mM Na
+
 buffer is not good for native gel purification. Here fluorescence kinetics 
was monitored at both Na
+
 conditions. The initial fluorescence intensity was minimized due to the 
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close proximity of fluorophore and two quenchers on the 39E/39S complex. For each individual 
spectrum in the presence of both 100 mM (Figure 4.2A and B) and 300 mM (Figure 4.2C and 
D) Na
+
, the fluorescence intensity increases quickly after adding UO2
2+
 (at around 60 s after the 
scan starts), finally reaching a saturation plateau. This turn-on fluorescence trend confirms the 
occurrence of cleavage at the cleavage site on the substrate, and the following release of the 
fluorophore-bearing short cleaved product away from the quencher-attached strand. For both the 
100 and 300 mM Na
+
 conditions, the slope for the fluorescence turn-on curves increased 
progressively with the UO2
2+
 concentration, indicating faster cleavage rates in the presence of 
higher UO2
2+
 concentrations. However, the final fluorescence intensity level did not follow a 
consistent trend. This may be due to the fluorescence quenching occurred at the higher UO2
2+
 
(several µM) concentration varied at different salt conditions.[85] In addition, the apparent 
cleavage rate constant (kobs) is fitted from the curves and summarized in Table 4.1, confirming 
the trend that cleavage rate grows as the UO2
2+
 concentration increases. And the kobs values at the 
100 mM Na
+
 are greater than that at the 300 mM Na
+
, consistent with the fact from FRET 
experiment optimization that the 100 mM Na
+
 condition is enough to support the optimal 
catalytic function. One thing worth noting is that, in order to get a high fluorescence turn on ratio 
(≥ 10), aqua regia was used to soak the cuvette for 20 min to get rid of the UO2
2+
 accumulation on 
the inner wall.  
 
Figure 4.2 Fluorescence kinetic spectra for fluorophore and quencher (FQ) labeled modified 39E/39S 
structure (shown in Figure 4.1C) in the presence of different concentrations of UO2
2+
 (50 nM, 100 nM, 200 
nM, 500 nM and 1µM) and Na
+
 conditions (100 mM and 300 mM) (cuvetter is washed with aqua regia, and 
the UO2
2+
 solution is added at 60s after the scan starts). A-B) Fluorescence spectra for FQ labeled 39E/39S 
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(Figure 4.2 cont.) at different UO2
2+
 concentration in buffer containing 100 mM Na
+
: A) Fluorescence 
intensity against reaction time spectra; B) Fluorescence turn on ratio F/F0 against the reaction time spectra. 
C-D) Fluorescence spectra for FQ labeled 39E/39S at different UO2
2+
 concentration in buffer containing 
300 mM Na
+
: C) Fluorescence intensity against reaction time spectra; D) Fluorescence turn on ratio F/F0 
against the reaction time spectra. 
 
Table 4.1 kobs fitted from fluorescence kinetic spectra for FQ labeled modified 39E/39S at different UO2
2+
 
concentrations  (50 nM, 100 nM, 200 nM, 500 nM and 1µM) in the presence of two Na
+
 conditions (100 
mM and 300 mM) shown in Figure 4.2. 
 
[UO2
2+
] / nM 50 100 200 500 1000 
kobs (min
-1
, 100 mM Na
+
) 0.3952 0.8009 1.2027 1.3027 1.6514 
kobs (min
-1
, 300 mM Na
+
) 0.2342 0.4695 0.7136 1.1575 1.0387 
 
In smFRET experiments, fluctuations are sometimes observed in fluorophore emission, 
such as progressive decrease (photobleaching) or transit decrease (blinking), which complicates 
the interpretation of the fluorescence signals related to the conformational change of 
biomolecules. In order to alleviate these problems, imaging buffer is used to flux the channel 
before the laser illumination. Different components of the imaging buffer have been reported, 
such as 6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid (trolox) or 2-Mercaptoethanol 
(BME). The imaging buffer containing Trolox, D-glucose, glucose oxidase and catalase is used 
here. Trolox is a water soluble vitamin E derivative, which is a kind of antioxidant. Glucose 
oxidase can catalyze the oxidation of D-glucose into D-glucono-1, 5-lactone, which hydrolyzes to 
gluconic acid and produce hydrogen peroxide. Catalase can catalyze the decomposition of 
hydrogen peroxide to water and oxygen. Since the glucose oxidase can indirectly produce 
gluconic acid, reducing the pH of the imaging buffer, the imaging buffer cannot be stored for long 
term usage.  
Secondly, the turn on experiment using FQ labeled 39E/39S complex was carried out in 
the presence of the components of imaging buffer, as shown in Figure 4.3. It was found that the 
UO2
2+
 induced 39E/39S cleavage reaction was hampered in the presence of full strength of 
imaging buffer. There were several components in the imaging buffer and it is better to isolate 
which one played a major inhibition role. If only full strength of trolox (0.7-1 mg/mL with 5 mM 
NaOH) and 1 % glucose were added to 39E reaction buffer (50 mM NaNO3 and 50 mM Na-MES, 
pH 5.5), the reaction slowed down a little since the rate of the fluorescence turn-on curve 
decreased. It means that the presence of trolox could reduce the cleavage reaction to a small 
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degree. If both full strength of trolox and glucose oxidase (12 mg / 100 µL) plus 1 % glucose 
were mixed with the 39E reaction buffer, the rate of the fluorescence turn-on curve significantly 
decreased. From this result, it was deduced that glucose oxidase slowed down the cleavage 
reaction dramatically. It has been found that the presence of some metal ions such as Ag
+
, Hg
2+
 
and Cu
2+
 inhibit glucose oxidase catalytic function and it is proposed that Ag
+
 and Hg
2+
 might 
bind to different parts on the glucose oxidase.[86] Probably UO2
2+
 can also binding to glucose 
oxidase and inhibit its function. Due to the proposed binding, less UO2
2+
 is available to participate 
in the 39E cleavage reaction, leading to a slowed-down cleavage reaction. If full strength of 
trolox, glucose oxidase, catalase and 1 % glucose were mixed with 39E reaction buffer, the 
kinetic reaction slope recovered a little bit. This means that the presence of catalase actually helps 
recover the cleavage activity. Combining the aforementioned functions of the three components, 
the decrease of the trolox and glucose oxidase strength may be helpful to maintain the original 
39E catalytic function. If half strength of glucose oxidase (5 mg) with full strengths of other 
ingredients were mixed with 39E reaction buffer, the kinetic reaction slope increased significantly. 
If even lower strength of glucose oxidase (2 mg) and full strength of other ingredients were mixed 
with 39E reaction buffer, the kinetic reaction slope did not show much improvement from the 
case with 5 mg glucose oxidase. So probably the glucose oxidase amount can be set as 5 mg. In 
addition, if half strength of both glucose oxidase (5 mg) and trolox with full strength of other 
ingredients were mixed with 39E reaction buffer, the kinetic reaction slope increased a little bit 
from the full strength trolox with half strength of glucose oxidase (5 mg) but not very 
significantly.As a conclusion, a recipe of 5 mg of glucose oxidase with the full strength of other 
components (trolox, catalase, glucose) added to the 39E reaction buffer should be the optimized 
imaging buffer to reduce the interference to cleavage activity.  
 
 
Figure 4.3 Fluorescence kinetic spectra in the presence of various amounts of imaging buffer ingredients: 1) 
Buffer: 50 mM NaNO3 and 50 mM Na-MES, pH 5.5; 2) Buffer and trolox (7-10 mg/10 mL and 5 mM 
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(Figure 4.3 cont.) NaOH); 3) Buffer, trolox, glucose oxidase (12 mg/100 µL), and 2 µL catalase; 4) Buffer, 
trolox, glucose oxidase (5 mg/100 µL), and 2 µL catalase; 5) Buffer, trolox, glucose oxidase (2 mg/100 µL), 
and 2 µL catalase; 6) Buffer, trolox, glucose oxidase (12 mg/100 µL); 7) Buffer, 1/2 trolox, glucose oxidase 
(5 mg/100 µL), and 2 µL catalase. 
 
4.3.3 Folding induced by Mg2+  
In ensemble FRET study, it was found that high concentration of Mg
2+
 (up to 50 mM) 
alone could not induce cleavage reaction for the cleavable substrate within 2 hours but Mg
2+
 
could induce the folding between the stem loop plane (stem II) and the plane spanned by the two 
linear stems (stem I and III). Here, Mg
2+
 static incubation (not flowing experiment) for both 
cleavable and noncleavable substrate was used to see whether Mg
2+
 induced folding found in 
FRET study was significant enough to be observable in smFRET experiments. As shown in 
Figure 4.4A, the EFRET histograms for the uncleavable substrate are shown with and without the 
presence of 10 mM Mg
2+
. As shown in panel a of Figure 4.4A, two peaks appeared with EFRET 
values of 0.04 and 0.16 (after leakage correction using 0.14 as the correction parameter) in the 
presence of 100 mM Na
+
 39E buffer (50 mM NaNO3 and 50 mM Na-MES, pH 5.5). The EFRET 
peak at 0.04 is the donor only peak and the EFRET peak at 0.16 is the real FRET peak for the two 
fluorophores attached on the 5' end of (1)39S(-5) and internal loop of (-5)39E(1), respectively. 
The EFRET value of 0.16 is small, indicating the distance between the two fluorophore positions is 
a little far. After incubated with 10 mM Mg
2+
 in 100 mM Na
+
 39E buffer, the EFRET peak 0.16 
shifted to 0.26 (shown in panel b of Figure 4.4A), consistent with ensemble FRET results that 
Mg
2+
 can induce folding between the linear stem and the big loops. According to ensemble FRET 
experiments, the EFRET change between stems I and II is 0.16 (initial EFRET is 0.12 and EFRET at 10 
mM Mg
2+
 is 0.28), similar to the change observed here. As for the cleavable substrate, the donor 
only peak and real FRET peak are 0.04 and 0.16 in the presence of 100 mM Na
+
 39E buffer as 
shown in panel a of Figure 4.4B while the FRET peak at 0.16 shifts to 0.24 in the presence of 
both 100 mM Na
+
 39E buffer together with 10 mM Mg
2+
, as shown in panel b of Figure 4.4B. 
This result proves that 10 mM Mg
2+
 could not induce the cleavage in the cleavable substrate in 
the single molecule condition as well, but it is effective to induce the DNA complex to fold into a 
more compact form with the same folding pathway for both cleavable and uncleavable substrates.  
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Figure 4.4 Mg
2+
 induced EFRET distribution change in the construct of internal Cy5 labeled (-5)39E(1) and 
5' Cy3 labeled both uncleavable and cleavable (1)39S(-5) complex. A) Uncleavable substrate in the 
presence of: a) 100 mM Na
+
 39E buffer (50 mM NaNO3 and 50 mM Na-MES, pH 5.5); b) 100 mM Na
+
 
39E buffer and 10 mM Mg
2+
. B) cleavable substrate in the presence of: a) 100 mM Na
+
 39E buffer; b) 100 
mM Na
+
 39E buffer and 10 mM Mg
2+
. 
 
In addition to incubation experiments, Mg
2+
 flow experiment was also introduced to the 
39E DNAzyme complex system, and similar increase in EFRET was observed as shown in the 
incubation experiments. From the flow experiment, it was found that the folding process was 
immediate and rapid. Similar Mg
2+
 flow experiment was also applied for the construct composed 
of the 3' Cy3 labeled 39S and internal labeled 39E, and slightly higher EFRET change was observed, 
consistent with the higher EFRET change observed for stem II-III at 10 mM Mg
2+
 (from 0.18 to 
0.38) from the bulk FRET result.  
4.3.4 Cleavage reaction induced by UO2
2+
 
Since higher UO2
2+
 might quench fluorescence, lower concentration of UO2
2+
 (1 µM and 
500 nM) was tested in the smFRET experiments. In addition, as we found earlier that UO2
2+
 
DNAzyme showed a reduced cleavage activity in the imaging buffer containing normal strength 
of trolox and glucose oxidase, an imaging buffer with reduced strength (Glucose oxidase is 
reduced from 10-20 mg / 100 µL T50 solution to 2.4 mg / 100 µL and trolox is prepared as 0.7 
mg / mL with the amounts of other components in imaging buffer not changed) was used for the 
UO2
2+
 cleavage experiments. The histograms of EFRET distribution for 1 µM and 500 nM UO2
2+
 
flow are shown in Figure 4.5A and B respectively. As shown in a-d of Figure 4.5A, histograms 
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of 4 stages are obtained from around 40 movies taken for each stage. Before buffer flow (a), the 
FRET peak was around 0.16. After buffer flow, the FRET peak position and the count number at 
the peak position did not change significantly. Buffer flow serves as a control to prove that the 
fluorophores will not experience faster degradation under laser illumination for 3-5 min. Then, 1 
µM UO2
2+
 flow was introduced, during which the movie recording lasted for 3 min under 
continuous green laser illumination with alternative red laser illumination at regular interval to 
check whether Cy5 was photobleached.  However, at 0-8 min after the 3 min long movie shooting 
(0-8 min after the end of the long movie), the count of FRET peak at 0.16 decreased dramatically, 
from 1800 to 1250, indicating the separation between the Cy3 and Cy5 FRET pairs was increased 
and the count of FRET peak count decreased rapidly, which were due to the UO2
2+
 induced 
cleavage. And at 16-23 min after the flow, the count further reduced to 700, showing that the 
cleavage reaction continued and gradually saturated after certain time. Similar progressive 
changes were observed in the EFRET histograms for 500 nM UO2
2+
, as shown in the five-stage 
observation from panels a-e of Figure 4.5B: before buffer flow, after buffer flow, 0-6 min after 
UO2
2+
 flow, 16-21 min after UO2
2+
 flow and 27-32 min after UO2
2+
 flow. However, 500 nM 
UO2
2+
 flow led to slower reaction kinetics than 1 µM UO2
2+
 flow. For example, at 27-32 min after 
500 nM UO2
2+
 flow, the count for the FRET peak was about 1500, about half of the count after 
buffer flow (3000).  
 
 
Figure 4.5 Progressive Histograms for EFRET distribution during buffer flow first and then 1 µM or 500 nM 
UO2
2+
 flow: A) 1 µM UO2
2+
 flow condition.  Histograms are built with 40 short movies taken for each of 
the four different flow stages: 1) Before buffer flow; 2) After buffer flow; 3) 0-8 min after 1 µM UO2
2+
 
flow; 4) 16-23 min after 1 µM UO2
2+
 flow. B) 500 nM UO2
2+
 flow. Histograms are built with 40 short 
movies taken for each of the five different flow stages: 1) Before buffer flow; 2) After buffer flow; 3) 0-6 
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(Figure 4.5 cont.) min after 500 nM UO2
2+
 flow; 4) 16-21 min after 500 nM UO2
2+
 flow; 5) 21-32 min after 
500 nM UO2
2+
 flow. 
 
And typical individual traces for buffer flow and UO2
2+
 cleavage reaction are shown in 
Figure 4.6. During the recording process under green laser illumination, red laser was switched 
on at regular intervals to check whether Cy5 was photobleached (normally Cy5 is less stable than 
Cy3 during illumination). In this way, the disappearance of fluorescent signal caused by 
photobleaching is differentiated from the cleavage signal. No change was observed in the 
fluorescence intensities of Cy3 and Cy5 during the buffer flow (Figure 4.6A). But in the presence 
of UO2
2+
, Cy5 signal maintained similar intensity (same Cy5 spike intensity) while the Cy3 signal 
disappeared shortly after the UO2
2+
 flow starting at around 20s (Figure 4.6B), indicating a 
cleavage and release process. UO2
2+
 induced Cleavage takes palce at the cleavage site (rA), 
breaking the substrate into two short strands. The two short strands will be released from the 
enzyme strand, causing an increase in the inter-fluorophore distance. The Cy5 labeled enzyme 
strand containing biotin moiety, is immobilized on the quartz slide by biotin and neutravidin 
interaction, so the Cy5 signal remains. On the other hand, since the Cy3-attached short strand is 
released from the enzyme strand and diffuses into the solution, Cy3 signal disappears. This 
analyte-triggered disappearance of the Cy3 signal is similar to those traces observed in the 
smFRET studies on Pb
2+
 induced cleavage reaction for 8-17 DNAzyme[20], the catalytic 
cleavage reaction of a Tetrahymena ribozyme,[87] and the internal cleavage reaction of a hairpin 
ribozyme.[88] According to the behaviors shown in the individual trajectory, the dwell time is 
defined as the time duration from the start of the UO2
2+
 solution injection (at around 20 s) to the 
starting point of the disappearance of Cy3 signal, shown as a pink line measured in the in situ 
EFRET versus time plot in lower panel of Figure 4.6B. 
 
 
Figure 4.6 Typical traces of individual complex with cleavable substrate during buffer flow and UO2
2+
 
flow reaction. A) Buffer flow: no cleavage reaction occurs and no changes are observed in Cy3 and Cy5 
intensities as both Cy3 and Cy5 signals are not photobleached. During the recording process of fluorophore 
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(Figure 4.6 cont.) signal under continuous green laser illumination, red laser is switched on alternatively at 
regular intervals to check whether Cy5 has been photobleached (normally Cy5 is less stable than Cy3 
during a long period of illumination). In this way, the disappearance of the fluorescent signal caused by 
photobleaching is differentiated from that caused by cleavage. B) UO2
2+
 flow: the cleavage takes palce at 
the cleavage site (rA), breaking the substrate into two short strands. Two short strands are released from the 
enzyme strand, causing an increase in the inter-fluorophore distance. Since the Cy5 labeled enzyme strand 
contains biotin, thus immobilized on the surface, Cy5 signal remains unchanged while Cy3 signal disappear 
because the Cy3 attached short strand is released and diffuses into the solution. Dwell time is defined as the 
time during from the start point of UO2
2+
 solution injection (at around 20 s) to the disappearance of Cy3 
signal, shown as a pink line in in situ EFRET versus time plot in lower panel of B.  
 
In addition to histogram analysis of many molecules, detailed dwell time measurement 
has been done on individual molecules and the dwell time from many molecules have been 
combined and fitted using first exponential decay function. Statistical analysis of the dwell time 
and reaction fraction during the UO2
2+
 flow (1 and 0.5 µM) is shown in Figure 4.7. In the case of 
1 µM UO2
2+
 flow, from the pie chart in Figure 4.7A, altogether about 195 molecules with steady 
fluorescent signals (no photobleaching or blinking) are chosen: cleavage reaction has been 
observed for 131 molecules show cleavage reaction; no cleavage has been observed for 55 
molecules with both flurophores (Cy3 and Cy5) not photobleached; no cleavage has been 
observed for 9 molecules with Cy5 photobleached. So the fraction of reacted molecules is about 
67 %. And the fitted decay time is about 46.97 s (Figure 4.7B). In order to compare the reaction 
rate obtained in the smFRET experiment with that in the bulk kinetic fluorescence experiment 
(using FQ labeled 39E/39S complex) or the gel based activity assay, the dwell time statistics is 
converted to the cleavage fraction against time plot shown in Figure 4.7C. In the conversion, the 
total number of the reaction molecules in all the columns shown in Figure 4.7B is counted and 
the cleavage fraction is calculated. One thing needs to be point out is that the meanings of the 
time unit in the x axis for Figure 4.7 B and C are different. The time axis in Figure 4.7 B is the 
individual time duration, indicating how many molecules show a cleavage behavior in each time 
period. But the time axis in Figure 4.7 C is the cumulative time duration, demonstrating how 
many molecules in total has been cleaved over the time period from the starting point until 
current time point. After this conversion, the cleavage rate is plotted and fitted to yield a kobs 
value of 0.65 ± 0.06 min
-1
.  
And for 500 nM UO2
2+
 flow, similar statistical analysis has been applied. In Figure 4.7D, 
total number of molecules selected with steady fluorescence signal is about 387. The number of 
molecules cleaved is 203; the number of molecules not cleaved and both fluorophore not 
photobleached is 147; the number of molecules not cleaved but Cy5 photobleached during the 
monitoring process is 37. So the reaction fraction is about 52 %. The decay time fitted from dwell 
time analysis is 55.26 s (Figure 4.7E). And the kobs after conversion is 0.32 ± 0.06 min
-1
. 
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Compared this result with the cleavage rates (1.3027 and 1.6514 min
-1
 for 0.5 and 1 µM UO2
2+
, 
respectively) in Table 4.1 for FQ labeled 39E/39S measured on ensemble level, the reaction rates 
decrease. Since the imaging buffer strength has already been lowered (20 % strength of glucose 
oxidase with other ingredients amount unchanged), the solution based activity should only be 
slightly inhibited according to Figure 4.3 result. Although the glucose oxidase concentration has 
been lowered, the pH decrease due to the gluconic acid formation might lead to slower 39E 
cleavage activity. However, our DNAzymes here are immobilized onto the surface via biotin-
neutravidin interaction, not as free as the fluorescent sensor case in the bulk solution. It has been 
demonstrated that the cleavage rate of the surface immobilized 8-17 DNAzyme is lowered 
compared to the solution based results.[89] In addition, the absolute amount of 39E/39S complex 
is quite different from the solution based assay as well. The concentration of the complex with 
1:1 ratio of enzyme and substrate in the solution based assay is about 60 nM and the 
concentration for the complex in the smFRET experiment is about 50 to 100 pM. This huge 
concentration difference might vary the effective UO2
2+
 availability. What’s more, the reaction 
rates are obtained from different measurement. The solution assay is based on FQ labeled 
DNAzyme while the reaction rate obtained from smFRET is based on fluorescence resonance 
energy transfer between Cy3 and Cy5. Probably the measurement based on turn on fluorescence 
is more sensitive than that based on the donor and acceptor pair energy transfer.  
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Figure 4.7 Dwell time analysis of smFRET results during 1 µM and 0.5 µM UO2
2+
 flow. A-C) Kinetic 
results for 1 µM UO2
2+
 flow: A) Pie chart of the cleavage fraction. Three typical types of individual traces 
are selected: 1) good reactive molecules: cleavage reaction takes place and no significant photobleaching is 
observed (Cy5 spikes remain similar intensity under red laser excitation before and after the cleavage event 
is completed); the count for this type of molecules is 131; 2) unreactive molecules: cleavage reaction does 
not occur and no significant photobleaching is observed; the count for this type of molecules is 55; 3) 
unreactive molecules with Cy5 photobleached: cleavage reaction does not occur and the Cy5 spike 
intensity decreases during the cleavage event; the count for this type of molecules is 9. Combining the three 
types together, the reaction fraction is calculated as 67 %. B) Dwell time analysis for good reactive 
molecules. By using exponential decay fitting, the decay time t1 is 46.97 s. C) Converted reaction rate from 
B: kobs = 0.65 ± 0.06 min
-1
. D-F) Kinetic results for 0.5 µM UO2
2+
 flow: D) Pie chart of the cleavage 
fraction. Three types of individual traces are selected with the same criterion described in B. The Count for 
good and reactive molecule is 203; Counts for unreactive molecules is 147; Counts for unreactive and Cy5 
photobleached molecule is 37. The reaction fraction is calculated as 52 %. E) Dwell time analysis. The 
decay time t1 is 55.26 s. F) Converted reaction rate from E: kobs = 0.32 ± 0.06 min
-1
. 
 
4.4 Conclusions 
Single molecule FRET (smFRET) has been used to study the folding induced by Mg
2+
 
and the cleavage induced by UO2
2+
 of the UO2
2+
 DNAzyme 39E. The Mg
2+
 induced folding 
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between Stem I-II observed in smFRET results, matches well with that found in ensemble FRET. 
What’s more, kinetics are available from smFRET experiments. For example, it is discovered that 
the folding progress rapidly in the presence of Mg
2+
, which justifies that the short incubation time 
(1 min) is sufficient for a folding transition during the metal titration in ensemble experiment. In 
addition, due to the fluorescence quenching effect by UO2
2+ 
and the interaction between UO2
2+ 
and
 
glucose oxidase (one component in the enzymatic oxygen scavenging system in the imaging 
buffer), UO2
2+
-induced cleavage reaction kinetics have been measured in the presence of a low 
UO2
2+
 concentration (1 and 0.5 µM) and a reduced-strength imaging buffer (20% of original 
glucose oxidase strength with the other ingredients strength unchanged). The cleavage rates are 
slightly lower than the rates obtained from fluorophore and quencher labeled 39E/39S complex in 
the ensemble fluorescence measurement. 
  
4.5 Future directions 
4.5.1 Folding and cleavage kinetics measurement in the buffer containing 300 mM Na+  
For both the bulk and single molecule FRET studies on 39E, all the experiments are 
performed in the buffer containing 100 mM Na
+
. However, the 39E is originally obtained in a 
buffer containing 300 mM Na
+
 (250 mM NaNO3 and 50 mM Na-MES, pH 5.5) by in vitro 
selection.[16] The reason to reduce the buffer ionic strength is because the buffer containing 300 
mM Na
+
 is found out not good for the native gel purification of 39E and 39S complex (slow 
migration and poor separation from the unhybridized substrate or enzyme) for bulk FRET 
experiments. According to a gel based UO2
2+
 cleavage activity assays under different Na
+
 
concentration, it is confirmed that similar cleavage activities were observed in the buffer 
containing 100 mM to 300 mM Na
+
, which means buffer containing 300 mM Na
+
 is not required 
for the catalytic function. As a result, the condition of 100 mM Na
+
 buffer is adopted. But as it 
has been established by a lot of ribozyme studies that the ribozyme folding patterns might vary at 
different ionic strength, we wonder whether the folding patterns and cleavage kinetics obtained in 
100 mM Na
+
 condition are exactly the same as those in 300 mM Na
+
 condition. Buffer exchange 
during flow is easily amenable in smFRET, so it is possible to monitor the folding the cleavage 
kinetics under 300 mM Na
+
 condition. Even for bulk FRET, we can still use 100 mM Na
+
 to do 
the native gel purification but switch to 300 mM Na
+
 in the gel soaking buffer.  
4.5.2 UO2
2+
 cleavage rates measurement in the presence of different Mg
2+
 and Zn
2+
 
concentrations 
In the ensemble FRET and gel based activity results, it is found that Mg
2+
, Zn
2+
, and Na
+
 
induced folding inhibit the UO2
2+
 dependent cleavage activity. It is also possible to measure the 
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UO2
2+
 cleavage rates in the presence of different concentrations of Mg
2+
 and Zn
2+
 on smFRET 
setup. In this case, direct correlation is expected for the folding effects on the cleavage rates. 
However, there might be barriers to this measurement. For example, Mg
2+
 and Zn
2+
 might inhibit 
the cleavage, causing the cleavage reaction too slow to be measured accurately. In the case, long 
time illumination is necessary. But during the long time recording of the fluorophore signal under 
laser illumination, series of problems might happen, such as photobleaching, blinking and camera 
frozen. But theoretically those reaction rates are measurable.  
4.5.3 Enzyme activity and folding patterns study for a mutant enzyme  
From a biochemical characterization result, the G•A wobble pair is found to be very 
important for the activity.[77] If the A on the enzyme strand is mutated to T, C, and G, the 
mutants’ activities decrease a lot compared to that of the wild type. We want to find some 
structural evidence to explain why this wobble pair is critical. It is interesting to choose one of the 
mutant at this wobble pair position, to measure the cleavage and release rate in the presence of 
UO2
2+
 with cleavable substrate and monitor Mg
2+
 and Zn
2+
 flow with uncleavable substrate to see 
whether the folding pattern will be different from the wild type due to one base pair different near 
the cleavage site. 
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CHAPTER 5  
ENSEMBLE AND SINGLE-MOLECULE FRET STUDY OF ADENOSINE APTAMER 
SENSOR’S STRUCTURE-SWITCHING MECHANISM 
5.1 Introduction 
The discovery of naturally occurring ribozymes and the selection of DNAzymes and 
aptamers[1] expanded the known functions of nucleic acids beyond their traditional genetic roles 
and made a vast number of applications possible,[2] from biosensing to DNA patterning. 
Aptamers are single-stranded (ss) DNA or RNA that bind molecules or cells with high selectivity. 
Riboswitch, a naturally occurred gene regulator, contains an aptamer part.[3-5] Aptamer have 
also been selected in vitro. In 1990, Tuerk and Gold devised a technique they called the 
systematic evolution of ligands by exponential enrichment (SELEX) to obtain a short RNA 
sequence which bound bacteriophage T4 DNA polymerase.[6] In the same year, Ellington and 
Szostak also used in vitro selection methods to select RNA sequences that selectively bound 
organic dyes.[7] Since then, aptamers have been selected that bind small molecules (e.g. 
adenosine and cocaine),[8] proteins (e.g. thrombin),[9] and viruses (e.g. HIV).[10]  
While aptamers and antibodies both bind their target molecules selectively, antibodies 
normally have a higher binding affinity, but on the other hand, aptamers have many advantages 
over their protein counterparts.[11-12] For example, in vitro selection is a chemical process and 
in theory any analyte can be used as a target for an aptamer; antibodies, on the other hand, are 
selected via a biological process, so targets are limited to those that elicit an immune reaction in 
an animal. Another advantage of aptamers is that their performance is consistent from batch to 
batch, while the activity of antibodies from different batches sometimes varies. Aptamers, 
especially DNA aptamers, are much more stable than antibodies under various conditions. For 
example, DNA aptamers can return to their original conformations during multiple heating and 
cooling cycles while antibodies irreversibly denature during temperature changes.   
Aptamers have been developed into developed into therapeutic reagents[13] and in vitro 
sensors based on various platforms, such as molecular switches.[12] For example, a cocaine 
aptamer has been coupled with a fluorophore reporter to detect cocaine concentrations in 
blood.[14-16] Recently, however, interests have moved on to the in vivo application of 
aptamers.[17]   
One aptamer with promise for in vivo applications is the adenosine aptamer. Adenosine 
triphosphate (ATP) is the energy currency of the cell, and in 1995, Szostak’s group selected a 
DNA aptamer that had similar sensitivity to ATP, AMP and adenosine.[8] This aptamer was 
adapted for a variety of electrochemical,[18-19] fluorescent,[20] colorimetric,[14] surface-
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enhanced Raman spectroscopic (SERS),[21] and nanopore conductance-based sensors.[22] This 
aptamer has also been used in enzymatic assays related to adenosine conversion, with enzymes 
such as alkaline phosphatase[22] and deaminase,[23] and has been covalently attached to a 
cellulose surface to produce a low-cost, paper-based surface detection method.[24] Most 
adenosine-aptamer-based sensors undergo structure-switching,[25] and other aptamers may 
undergo this change as well. For instance, in the fluorescence-based adenosine aptamer sensor 
system (shown in Figure 5.1A), three DNA oligomers form a partially hybridized structure. The 
longest oligomer contains the adenosine aptamer (shown in green) capped with a non-functional 
linker (sequences in purple and grey); SNR (shown in orange) is a short, non-releasing strand that 
is complementary to the linker; and SR (shown in black) is another short, but releasing, strand that 
is complementary to a small portion of the aptamer. Once this construct is assembled, much of the 
aptamer is left unhybridized, and remains as a flexible, single-stranded overhang. In the presence 
of adenosine, however, the adenosine aptamer folds to form an adenosine-binding pocket, and 
releases the SR strand.  
We modified this adenosine-aptamer-based sensor to study its folding mechanism. To 
relate the aptamer’s nanoscopic structure-switching behavior to macroscopic fluorescence 
changes, the 5'-end of SNR was labeled with a fluorophore and the 3'-end of SR was labeled with a 
quencher. The initial fluorescence was minimal. However, after adding adenosine, SR and its 
quencher were released, which separated the fluorophore and the quencher and increased the 
fluorescence.  
A similar design was used in a colorimetric sensor. In this case, the fluorophore/quencher 
pair was replaced with two gold nanoparticles, as shown in Figure 5.1B. Before adenosine was 
introduced, the functionalized gold nanoparticles were aggregated. Once adenosine was added, 
the aptamer folded and this led the nanoparticles to disperse. Since the surface plasmon resonance 
properties are different for the two states, the system underwent a blue/purple-to-red color change 
as the particles dispersed. While these examples show a pre-selected aptamer being rationally 
designed to produce various sensors, the structure-switching mechanism can also be incorporated 
into in vitro selection to select new aptamers that undergo structure-switching.[20] 
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Figure 5.1 The adenosine structure-switching aptamer sensors. A) The fluorescent sensor. The longest 
sequence contains the adenosine aptamer (shown in green); the linker strand (shown in purple and grey) 
extends from the 5'-end of the aptamer strand; SNR (non-releasing, shown in orange) and SR (releasing, 
shown in black) are two short strands complementary to the linker and partially complementary to the 
aptamer. The 5'-end of SNR and 3'-end of SR are labeled with the fluorophore and quencher, respectively. B) 
The colorimetric sensor. The 3'-end of SNR and the 5'-end of SR were functionalized with two 13-nm gold 
nanoparticles via gold-thiol chemistry. Twelve adenosine bases (A12) serve as a spacer between the DNA 
strand and the thiol group. C-F) The aptamer sensor for FRET experiments. C) The mono-labeled aptamer. 
D) The unlabeled aptamer. E) The unlabeled aptamer with Cy5 and BHQ_2. F) The dual-labeled aptamer. 
Various lengths of SNR/SR pairs are shown. 
 
Although this ATP aptamer successively adapted for use with many different platforms, 
our understanding of the aptamer’s crucial structure-switching event is very limited. Based on 
sited-directed mutagenesis and base-analog-substitution results, a two-stacked G-quartets model 
was proposed when the aptamer was first selected.[26] However, in the intervening years, one 
nuclear magnetic resonance (NMR) structure of the aptamer has been obtained, and it would 
seem to indicate a self-hybridized stem-loop model instead.[8] In the new model, the aptamer can 
form an intrastrand, self-hybridized stem at two ends with a six-nucleotide unpaired bulged loop 
in the middle. According to this model, when the aptamer binds two adenosines, it zips up the 
bulged loop with Hoogsteen G·G bonds and sheared G·A mismatches. Additional kinetic studies 
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indicate that the quencher-labeled strand binds to the fluorophore-labeled aptamer after the 
aptamer folds, following a three-body binding model.[27] This work is intended to further 
investigate the structure-switching event. 
The functions of aptamers and to some degree other functional nucleic acids often rely 
more on their overall three-dimensional conformations than on their specific sequences. For 
example, it is proposed that riboswitches regulate genes through conformational changes, not 
individual, sequence-dependent binding events such as gene promoters do.[28] There are various 
methods to detect the structure and conformation of aptamer-binding events,[29] for example, X-
ray crystallography,[30-31] nuclear magnetic resonance (NMR)[27, 32-39], fluorescence 
resonance energy transfer (FRET),[40-44] and mechanical study.[45]  FRET is based on the 
transfer of energy between two fluorophores (a donor and an acceptor) with overlapping 
fluorescence spectra.[46-47] Two interacting molecules or two moieties of the same molecule can 
be labeled with fluorophore pairs in order to study the inter- and intra-molecule interactions of 
those molecules. When the two fluorophores are brought into close proximity as the molecules or 
moieties interact, the donor fluorophore will transfer energy to the acceptor fluorophore and the 
acceptor will fluoresce. In 1996, for the first time the energy transfer between a single donor 
fluorophore and a single acceptor fluorophore was observed. The technique that made this 
possible was near-field scanning optical microscopy (NSOM), and it opened up a new field: 
single-molecule FRET (smFRET).[48] During the past decade-and-a-half, smFRET has rapidly 
put down roots in both technical and application fields. It has proved especially useful in 
biology,[49] in understanding biomolecular folding,[50] and the conformational dynamics of 
nucleic acids.[51] For example, it has elucidated the catalytic cleavage and docking/undocking 
conformation transitions of the Tetrahymena ribozyme,[52] uncovered the folding intermediates 
of the hairpin ribozyme,[53] provided insight into Staphylococcal nuclease (SNase)’s catalytic 
cleavage of ssDNA,[54] captured helicase’s movement on DNA,[55-57] identified the different 
phases of DNA’s degradation by exonuclease,[58] and probed the interaction of the DNA repair 
protein RecA with DNA.[59] Also, smFRET has been successfully used to monitor protein-
folding dynamics[60-63] and the interactions of a three-helix RNA with ribosomal protein 
S15.[64] In combination with X-ray crystallography and NMR, smFRET has also been used to 
probe adenylate kinase’s transit into catalytically competent states.[65] As for aptamer 
conformational studies, sm- FRET has been used to distinguish the various conformational 
subpopulations of vascular endothelial growth factor (VEGF) DNA aptamer.[66-68] 
Here, FRET was used to study the adenosine-triggered structure-switching of the 
adenosine aptamer. Various donor/acceptor labeling positions were employed to probe the 
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various phases of the aptamer’s conformational changes from different viewpoints. In addition to 
the traditional ensemble FRET method, smFRET was also used to scrutinize individual molecule 
behaviors. smFRET offers several advantages over ensemble FRET, such as its ability to observe 
subpopulations, capture reaction intermediates, synchronize different reaction processes, and 
acquire reaction dynamics.[69-72] 
 
5.2 Experimental 
5.2.1 Materials  
All oligonucleotides were ordered from Integrated DNA Technologies, Inc. (Coralville, 
IA, USA) with HPLC purification. All other chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) without further purification. 
5.2.2 FRET experiments 
5.2.2.1  Ensemble FRET 
5.2.2.1.1 Dual-labeled aptamer 
For the dual-labeled aptamer (as shown in Figure 5.1C), both the donor and acceptor 
fluorophores are on the same strand; thus, their ratio is consistently 1:1. 60-100 nM of each DNA 
oligomer were mixed together in a 1:1:1 ratio in 25 mM Tris-acetate (pH 8) and 300 mM NaCl 
buffer, heated for 1 minute in 80-to-85 °C water, then annealed by slowly cooling it to room 
temperature over the course of 2 hours. This annealed DNA complex solution was used directly 
for fluorescence experiments without further purification. 
5.2.2.1.2 Monolabeled and unlabeled aptamer 
To ensure a 1:1 ratio of donor:acceptor fluorophores in the hybridized version of the 
monolabeled aptamer (as shown in Figure 5.1D) and unlabeled aptamer constructs(as shown in 
Figure 5.1E), 10 µM of each of the three DNA strands making up these aptamer constructs were  
annealed in 25 mM Tris-acetate (pH 8) and 300 mM NaCl buffer. The mixtures were first heated 
in an 80 °C water bath for 1 minute, then were slowly cooled to room temperature over the course 
of 2 hours; finally, the mixtures were cooled in a 4 °C water bath for another 0.5 hours for further 
hybridization. Afterwards, the hybridized complex was separated from the unhybridized strands 
by purifying the mixture on a 16% polyacrylamide native gel (with buffer condition of 25 mM 
Tris-acetate, pH 8, and 300 mM NaCl buffer) run at 4 W for 10 hours in a 4 °C cold room. The 
separation of the hybridized complex and unhybridized DNA strands was visualized by a 
phosphorimager (FLA-3000, Fujifilm). The 1:1 hybridized complex was cut out, soaked in 25 
mM Tris-acetate (pH 8) and 300 mM NaCl buffer and shaken for at least 2 hours (its 
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concentration was diluted to about 100 nM). After soaking, the residual gel pieces were removed 
by centrifugation. Only the supernatant was used in the following fluorescence experiments.  
Cy3 and Cy5 were excited at the wavelengths of 513 nm and 648 nm, respectively, and 
their emission maxima are around 564 nm and 662 nm, respectively. For adenosine titration 
experiments, Cy3 and Cy5 emission spectrums were collected at several adenosine concentrations. 
The FRET efficiency (EFRET) reported is defined as the ratio of the acceptor’s emission after 
indirect excitation (       
   ) to the sum of the donor’s emission after direct excitation (       
   ) and 
the acceptor’s emission after indirect excitation (       
   ), as shown below: 
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To determine the kinetics of fluorophore/quencher pairs, fluorescence emission spectra of 
various adenosine concentrations were collected at fixed excitation and emission wavelengths at 
different time intervals. The relative intensity change of the maximum emission peak was used to 
evaluate the reaction rate. 
The adenosine aptamer’s binding constant was fitted using the following equation 
modified from a metal ion binding on the hammerhead ribozyme model[73]:  
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,  
Ei is the initial EFRET of the construct without adding metal ions. ∆EFRET is the EFRET change 
between no metal ions added and infinite metal ions added. [A] represents the adenosine 
concentration and n is the Hill coefficient.  Kd is the dissociation constant.  
5.2.2.2 Single-molecule FRET 
The aptamer, as well as the SNR and SR oligomers were mixed together in a ratio of 1: 1.5: 
1.5 µM in 25 mM Tris-acetate (pH 8) and 300 mM NaCl buffer, heated in boiling water for 1 
minute, and annealed by cooling to room temperature over the course of about 2 hours. T50 
buffer (10 mM Tris HCl (pH 7.5) and 50 mM NaCl) plus 0.1 mg/mL bovine serum albumin (BSA) 
was used to dilute the annealed complex to final concentration of 50-100 pM. To immobilize the 
biotin-functionalized, annealed complex onto the quartz channel, a clean quartz slide channel was 
treated with 1 layer of BSA·biotin, then a layer of NeutrAvidin and finally a layer of the biotin-
labeled, annealed complex. There was a hole at each end of the channel: one was for a tip loaded 
with flow solution, and the other was for a tube linked to a syringe. By hand-pulling the syringe, a 
flow gradient was created across the channel.  
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Over time, the intensity of a fluorophore decreases during laser illumination. This 
phenomenon, known as photobleaching, occurs when the fluorophore’s excited state (the triplet 
state) reacts with oxidative species, such as singlet oxygen.[74-75] In order to minimize 
photobleaching’s effects on the real fluorescence signal, an enzymatic oxygen scavenger system 
was used. The system contained 2 mM 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 
(Trolox), 0.1 mg/mL glucose oxidase, and 0.2 mg/mL catalase.[69, 74, 76] The time resolution of 
the CCD camera used was 0.1 ms. Both trajectory and histogram analysis were used. Trajectory 
analysis uses a long movie that records the signal changes of two fluorophores on each individual 
molecule. Histogram analysis, on the other hand, uses several (usually 40) short movies collected 
at critical stages, such as before buffer flow, after buffer flow, immediately after the 2 mM 
adenosine flow, and at other time points after the 2 mM adenosine flow. Histogram comparisons 
are used to verify the conformational change of groups of molecules. The Matlab program was 
used for this data analysis. The dwell time statistic was plotted in Origin and fitted using a first-
order exponential decay function: 
1 1 0exp( / )y A x t y    ,  
where t1 is the decay time. 
           EFRET was calculated using both green- (Cy3) and red- (Cy5) channel fluorescent 
intensities and the following equation:  
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where IA and ID refer to the intensity of acceptor (Cy5) and donor (Cy3). Since the Cy3 emission 
is rather broad and can extend into Cy5 detection bandpass range, low level of Cy3 fluorescence 
signal will be observed in Cy5 channel. This is called donor leakage. The donor leakage can be 
corrected using donor only molecules. The leakage correction used for this system was 0.2. 
 
5.3 Results and discussion 
5.3.1 FRET studies of structure-switching in the adenosine aptamer sensor 
The previously reported adenosine aptamer sensors consisted of an aptamer strand and 
two short complementary DNA strands (Figure 5.1A and B). The DNA aptamer strand consists 
of the conserved sequence of the adenosine aptamer (shown in green) and 22 base extension 
(shown in purple and grey) at the 5' end to allow hybridization to the two short complimentary 
DNA strands (SNR, shown in orange; SR, shown in black). The three DNA strands (the aptamer, as 
well as SNR and SR) hybridize together at ambient conditions in the absence of adenosine because 
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the stability derived from hydrogen bonding is large enough that the melting temperature of the 
strands is above room temperature. Upon addition of adenosine, however, the aptamer folds and 
binds to adenosine, displacing SR.. This occurs because the aptamer’s affinity for adenosine (Kd = 
6 µM),[8] is more thermodynamically stabilizing than the hybridization between the aptamer and 
SR; thus, the melting temperature of the remaining base pairs is below room temperature. To 
elucidate the detailed mechanism of this process, the three strands of the aptamer construct was 
labeled with a FRET donor or acceptor at different locations, and both ensemble and smFRET 
were used to visualize their conformational changes. 
5.3.1.1 Monolabeled aptamer  
The scheme of monolabeled aptamer is shown in Figure 5.1C and 5.2A. As shown in 
Figure 5.2B, as the concentration of adenosine increased, the donor Cy3 peak intensity (564 nm) 
decreased. The acceptor Cy5 peak intensity (662 nm), however, increased, and a significant 
crossover was observed, indicating that an enhanced FRET process existed. Between the two 
fluorophores there is a 12-basepair (bp) stretch of double-stranded DNA (dsDNA) and a 20-
nucleotide stretch of ssDNA. The interfluorophore distance is about 4-10 nm, which is longer 
than that of the 12-bp dsDNA, but shorter than the 32 (12 + 20)-bp stretch of DNA. When EFRET 
was plotted against adenosine concentration (Figure 5.2C), EFRET increased as the concentration 
of adenosine increased. The dissociation constant Kd (0.59 ± 0.03 mM
-1
) and Hill coefficient n 
(1.5 ± 0.1) were obtained from this plot by fitting. Hill coefficient is greater than 1, indicating the 
target binding is in a cooperative mode. 
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Figure 5.2 Bulk FRET and kinetic results for different fluorophore labeling positions. (A-C) FRET results 
for the monolabeled aptamer construct. (A) The labeling scheme of the monolabeled aptamer. (B) Donor 
and acceptor emission spectra at the donor excitation wavelength (513 nm). (C) The EFRET-versus-
adenosine concentration curve; the red line indicates the fitting result. The Kd obtained by fitting was 0.59 ± 
0.03 mM
-1
 and Hill coefficient n is 1.5 ± 0.1. (D-F) FRET results for the unlabeled aptamer construct. (D) 
The labeling scheme of the unlabeled aptamer. (E) The donor and acceptor emission spectra at the donor 
excitation wavelength (513 nm). (F) The EFRET-versus-adenosine concentration curve; the red line indicates 
the fitting result. The Kd obtained by fitting was 1.58 ± 0.08 mM
-1
 and n is 1.23 ± 0.05. (G-I) The kinetic 
results for the unlabeled aptamer construct with fluorophore and quencher pairs. (G) The labeling scheme 
of the unlabeled aptamer with fluorophore and quencher pairs. (H) The kinetics of the Cy5 turn-on 
fluorescence at increasing adenosine concentrations. (I) The fluorescence turn-on ratio versus adenosine 
concentration curve; the red line indicates the fitting result. The Kd obtained by fitting was 1.12 ± 0.09  
mM
-1 
and n is 1.3 ± 0.1. 
 
5.3.1.2 Unlabeled aptamer with Cy3 and Cy5 modifications   
Since the ensemble FRET study with monolabeled aptamer confirmed the folding of the 
adenosine aptamer, the next step was to investigate the release of strand SR during the structure-
switching process. To achieve this goal, Cy3 and Cy5 were moved to the 5'-end of strands SNR 
and SR, respectively (schemes are shown in Figure 5.1D and 5.2D).  
As shown in Figure 5.2E, EFRET first stayed at its maximum or increased slightly for the 
first few points, but then decreased continuously. This indicated that at the first few low 
concentration points (at or below 200 µM), the aptamer experienced a small degree of bending, 
but the binding event does not induce a significant structural change and is not sufficient to break 
the complementary base pairing of the aptamer with strand SR. The strand SR remains partially 
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hybridized to the aptamer strand and EFRET stays the same. Put another way, there is an energy 
barrier for completely breaking the complementary base pairing. But soon after passing some 
threshold concentration, enough adenosines are available to induce significant conformational 
change in the aptamer, which disrupts the basepairing between the aptamer and SR. Once SR is 
released, EFRET keeps decreasing. The fitted dissociated constant (Kd) in this case was 1.58 ± 0.08 
mM
-1
 and Hill coefficient (n) is 1.23 ±0.05.  
From the adenosine titration ensemble FRET experiment, it was clear that SR could be 
released due to the instability created by the structure-switching event. It was unclear, however, 
whether adenosine first binds to all the aptamers, occupying one binding site homogenously 
before going on to the second binding site, or if it binds preferentially to a few aptamers to fulfill 
both binding sites at low adenosine concentrations. It is highly probable that the majority of 
aptamers would not show considerable conformational changes while a small number of aptamers 
would experience complete conformational changes. However, the EFRET signal change had 
leveled off due to the small population amount. Since ensemble FRET does not reveal the 
behavior of subpopulations but only an ensemble average, the various behaviors of a small 
number of molecules were camouflaged by those of the majority of molecules, leading to an 
illusion. In this case, smFRET method was needed to differentiate the small subpopulation’s 
behaviors from the bulk.  
The dissociation constant obtained from the unlabeled aptamer (1.58 ± 0.08 mM
-1
) was 
greater than that of the monolabeled aptamer (0.59 ± 0.03 mM
-1
) and the Hill coefficient is 
smaller (1.23 ± 0.05 and 1.5 ± 0.1 for unlabeled and monolabeled aptamer respectively); thus, its 
binding affinity for adenosine was lower. Coupling this with the stasis or initial small increase of 
EFRET at low adenosine concentration points and the EFRET decrease close to saturation in Figure 
5.2F, this difference is due to the delayed fluorescent signal change for this construct. For the 
monolabeled adenosine aptamer construct, the folding due to adenosine uptake is an immediate 
and continuous process. However, the SR release from the unlabeled aptamer construct was a 
result of the folding; in another words, it was a post-folding event. In addition, as shown in 
Figure 5.2F, the stasis or small increase in EFRET at low adenosine concentrations, suggested that 
a state exists in which the aptamer has already folded and release is in a lag phase, since SR is still 
partially attached to the aptamer strand. This would reduce the saturation of the unlabeled 
aptamer EFRET curves at the final stage to less than what was observed for the monolabeled 
aptamer. 
5.3.1.3 Unlabeled aptamer with Cy5 and BHQ_2 modifications  
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Conformational changes during the adenosine titrations represented only one dynamic 
aspect of the structure-switching system. In order to identify the kinetic response, the 5'-end of 
SNR and the 3'-end of releasing strand SR were labeled with Cy5 and BHQ_2 quencher, 
respectively (see Figure 5.1E and 5.2G). Because of its proximity to the quencher, it was 
predicted that Cy5 fluorescence would be significantly decreased. After adding adenosine, and 
initiating a structure-switching event, SR would take BHQ_2 away from Cy5 and its fluorescence 
would be recovered.  As shown in Figure 5.2H, these predictions held true. Cy5’s fluorescence 
progressively recovered as a series of adenosine solutions were added to the system. At all 
concentrations, saturation was achieved after 2 to 3 min. The initial rate of fluorescence increase 
and the final fluorescence level increased with the increase of adenosine concentration. If the 
turn-on fluorescence ratio at 10 min. was plotted against the adenosine concentration (Figure 
5.2I), the fitted dissociation constant was 1.4 ± 0.2 mM
-1
. The reaction rate (kobs) was fitted at all 
four concentrations; they were 1.241, 1.575, 1.726 and 1.844 min
-1
 for 1, 2, 5, 10 mM adenosine, 
accordingly (shown in Figure 5.3), and showed a progressive increase. In addition, since 
smFRET was needed, the structure-switching event was studied in imaging buffer with 2 mM 
adenosine added. The imaging buffer minimizes photobleaching and blinking, and contains 300 
mM NaCl, 25 mM Tris-acetate, pH 8.2, 1 mg/mL Trolox, 1% (w/v) glucose, 1 µg/µL glucose 
oxidase and catalase (see Figure 5.3). Since ensemble FRET was carried out in adenosine 
aptamer buffer (300 mM NaCl and 25 mM Tris-acetate, pH 8.0), the performance of the construct 
in different buffers was compared. Whether in imaging buffer or adenosine aptamer buffer, the 
turn-on fluorescence was nearly identical. This indicates that at the concentrations used, glucose 
oxidase, glucose, catalase, and Trolox do not interfere with the structure-switching process. 
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Figure 5.3 Kinetic rates of the fluorescence turn-on ratio for the unlabeled aptamer with Cy5 and BHQ_2 
at 1, 2, 5, 10 mM adenosine in colorimetric sensor buffer (300 mM NaCl, 25 mM Tris-acetate, pH 8.0) and 
2 mM in normal strength imaging buffer (300 mM NaCl, 25 mM Tris-acetate, pH 8.0, Trolox (7-10 mg/100 
mL), 1% glucose, glucose oxidase (10-20 mg/100 µL) and catalase (2 µL)). A) Fluorescence turn-on 
spectra. B) Turn-on curve fitting using 1 mM, C) 2 mM, D) 5 mM, E) and 10 mM adenosine. F) Turn-on 
curve fitting using 2 mM adenosine in imaging buffer. 
 
5.3.1.4 Dual-labeled aptamer 
A dual-labeled aptamer (donor Cy3 and acceptor Cy5 are labeled onto the 3' end and 
middle part (at the boundary of aptamer and linker) of extended aptamer strand (see Figure 5.1F) 
was used to verify the folding process as well.  In the colorimetric adenosine sensor (Figure 
5.1B), the optimal lengths of SNR and SR were found to be 12 nt each. The donor and acceptor 
emission spectra for the dual-labeled aptamer with various lengths of short complementary 
strands are shown in Figure 5.4. For this 12mer/12mer system, EFRET increased as the adenosine 
concentration increased, which indicated that the aptamer folds in response to adenosine, 
shortening the interfluorophore distance. The lengths of SNR and SR were carefully optimized. 
This was especially true for SR, because if it was too short, the aptamer would have formed a 
flexible random coil and the two fluorophores would have been free to associate before adenosine 
is even present. In that case, the change in EFRET after adding adenosine would have been very 
small. On the other hand, if SR had been too long, the hydrogen bonding between SR and the 
aptamer would have been too strong, and SR would not have been easily released after the 
adenosine-triggered folding. To find an optimal complementary strand length that could balance 
both aforementioned effects, the SNR and SR lengths were varied from 13 to 15 nt each, and three 
SNR and SR pairs were analyzed: 13 nt/13 nt, 14 nt/14 nt and 15 nt/15 nt. When SNR and SR were 
13 or 14 nt, the aptamer folded, but the Cy3 excitation spectrum changes and the folding trend 
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was far from saturation. When SNR and SR were 12 or 13 nt, two emission peaks (564 nm for Cy3 
and 662 nm for Cy5) were of almost equal fluorescence intensity in the Cy3 excitation spectrum, 
because of insufficient fixation of SR and the aptamer, and the subsequent flexibility of the single-
stranded aptamer. As a result, the Cy3 moiety, which was at the far end of the single-stranded 
aptamer overhang, could come into much closer to proximity to Cy5. By contrast, when SNR and 
SR were 14 nt, the 564-nm peak was more intense than the 662 nm peak, which indicated that the 
energy transfer between the donor and the acceptor was reduced.  It is speculated that longer 
complementary strands increase the length and rigidity of the hybridized DNA between the 
fluorophores, reducing the efficiency of energy transferred between them. Nonetheless, during the 
adenosine titration EFRET still increased when the aptamer was partially immobilized by 14-nt 
complementary strands. However, if SNR and SR were increased to 15 nt, the increased separation 
between the fluorophores reduced the 661-nm peak intensity even further, which lowered the Cy3 
excitation spectrum’s 564 nm/662 nm peak intensity ratio and little increase is observed with the 
increase of adenosine concentration. Structure-switching sensor works only when EFRET shows an 
increase. This may have occurred because the binding affinity between the aptamer and adenosine 
was not strong enough to overcome the hydrogen bonding between the aptamer and the long 
complementary strands. 
In sum, Cy3 and Cy5 FRET pairs were placed at various positions in the adenosine 
aptamer and in the two short complementary strands SNR and SR to study the aptamer’s structure-
switching event. The variants examined were dual-labeled (the aptamer was labeled with both 
fluorophores), monolabeled (the aptamer was labeled with one fluorophore and SNR was labeled 
with the other), or unlabeled (the aptamer had neither fluorophore; they were on SNR and SR). 
Based on changes in EFRET, the folding of the aptamer strand and the release of SR were confirmed. 
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Figure 5.4 Donor and acceptor emission spectra (excitation at 513 nm) for the dual-labeled aptamer with 
SNR and SR that were A) 12 nt, B) 13 nt, C) 14 nt, or D) 15 nt in length. 
 
5.3.2 Single-molecule FRET 
To better understand the changes adenosine induced in the aptamer’s conformation and 
differentiate the individual characteristics of possible intermediates from ensemble trends, 
smFRET was used. Donor/acceptor Cy3/Cy5 pairs were placed at positions in the aptamer 
construct that were proposed to be involved in binding or releasing (see Figure 5.5). To carry out 
smFRET, DNA is commonly 5'- or 3'-biotinylated, then immobilized onto quartz surfaces via 
biotin-NeutrAvidin interactions. While this had not yet been demonstrated with the adenosine 
aptamer, the aptamer had previously been covalently attached to a cellulose surface and even 
without a spacer was shown to be fully functional.[27, 32-38] Given this precedent, we proposed 
that the surface immobilization we intended to use would not overly affect the aptamer’s activity. 
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Figure 5.5 The adenosine aptamer constructs used for smFRET. A-D) Constructs with a 5'-biotinylated 
aptamer. E-F) Constructs with a 3'-biotinylated aptamer and a poly-T linker. A) A construct with its 
aptamer 3'-modified with Cy3 and SNR 5'-modified with Cy5. B-C) Constructs with SR and SNR 5'-modified 
with Cy3 and Cy5, respectively. B) A construct with a 12mer SR and SNR. C) A construct with a 12mer SNR 
and a 14-mer SR. D) A construct with SNR 5'-labeled with Cy5 and SR 3'-labeled with BHQ_2. E) A 
construct with a 3'-biotinylated aptamer and a 5T linker; the aptamer is 5'-labeled with Cy5 and SR is 5'-
labeled with Cy3. F) A construct identical to (E), but with the linker extended to 10T. 
 
5.3.2.1 Surface immobilization by a 5'-biotinylated aptamer 
The aptamer was first 5'-biotinylated. Since this modification affected only the elongated 
linker portion of the aptamer, it was likely to minimally interfere with the aptamer’s original 
function. 
5.3.2.1.1 Monolabeled aptamer  
As shown in Figure 5.5A, Cy3 was shifted to the 3'-end of the aptamer while Cy5 was 
retained on the 5'-end of SNR. The folding of the aptamer overhang was then investigated.  
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As proposed, the aptamer strand folded in the presence of adenosine and released SR; this, 
in turn, shortened the inter-fluorophore distance and increased EFRET. Histograms and trajectories 
for individual molecules were chosen to demonstrate the structural change. As shown in Figure 
5.6A, histograms from one channel were captured sequentially at four different times: before 
buffer flow and after buffer flow, then 0-6.5 min. and 15-21 min. after 2 mM adenosine flow. 
First, ≈40 short movies (each around 40 ms) were taken before buffer flow was introduced. Then 
a long movie (around 200 s) was taken as the buffer flow began. A similar number of short 
movies were taken after the buffer flow was stopped. After that, another long movie was taken as 
a buffer solution with adenosine was injected. A similar number of short movies were taken 
immediately after the 2 mM adenosine flow stage, for example, 0-6.5 min after its flow (the zero 
time point marks the completion of the adenosine flow; thus, at this point the adenosine solution 
had already been in contact with the aptamers in the flow channel for around 3 min.). A similar 
number of short movies were taken for a short time (≈15-21 min) after the 2 mM adenosine flow. 
In the initial state before the first buffer flow, there were two clear peaks at EFRET values of 0 and 
0.4 (after leakage correction). The peak at the zero point is a donor-only peak while the peak at 
0.4 is for the donor/acceptor pair in their initial positions. After buffer flow, the peak positions 
and populations remained constant. But after the 2 mM adenosine flow, the FRET peak shifted 
from 0.4 to 0.78 or 0.8. The increase in EFRET indicated that folding was occurring. The 
trajectories of individual molecules were used to analyze dwell time, where dwell time is the time 
between when the adenosine was introduced to the start of high EFRET stage. This was done at 
each step for individual molecules. The combined dwell time results from many molecules were 
then exponential decay fitted to obtain a decay time, and this decay time was used to evaluate the 
average kinetics of the conformational change. The typical trajectory for buffer flow (shown in 
Figure 5.6B), was similar to what was observed in the histogram: the signal was essentially 
constant. Two typical trajectories collected during the 2 mM adenosine flow were presented in 
Figure 5.6C and D. After adenosine was introduced, EFRET immediately increased. Some traces 
show transiently high EFRET values before a rapid decrease (Figure 5.6C), and others show 
continuously high EFRET values (Figure 5.6D). The transiently high EFRET may be due to the 
photobleaching of the fluorophores. It is also possible that SR rehybridizes with the aptamer after 
its initial release since adenosine uptake and SR rehybridization are equilibrium processes. Dwell 
time has been defined as the time from the start of injection (at 20 s) to when a high EFRET peak 
appears. The fitted decay time at 2 mM adenosine was 10.2 ± 0.7 s, while at 1 mM it was 19.0 ± 
0.2 s (shown in Figure 5.6E). This fitting result was logical since lower adenosine concentrations 
prolonged the reaction time. In addition to using buffer flow as a control, we also compared our 
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results to literature values to see whether this EFRET increase was due to a specific aptamer 
conformational change or a hydrodynamic force. The flexibility and conformation of a single-
stranded poly (T)n spacer had previously been studied using smFRET, and a relationship between 
EFRET and buffer ionic strength (NaCl concentration from 25 mM to 2 M) as well as the number of 
basepairs (10≤ N ≤ 70) separating the donor and acceptor were correlated.[77] From this 
correlation, at 300 mM NaCl and an interfluorophore distance of 20 nt, EFRET was about 0.6. This 
value was higher than the 0.4 measured in our experiment, though in our experiment, after the 2 
mM adenosine flow, EFRET increased to about 0.8, which was higher than the EFRET seen with the 
literature ssDNA random conformation.  
 
Figure 5.6. smFRET results for the monolabeled aptamer shown in Figure 5.5A. A) Histograms before (a) 
and after (b) buffer flow, as well as 0-6.5 min (c) and 15-21 min (d) after the 2 mM adenosine flow. 
Initially there were two EFRET peaks, at 0 and 0.4, with the peak as major peak. No significant change in the 
position of the EFRET peak at 0.4 occurred during buffer flow, but a dramatic change occurred after the 2 
mM adenosine flow. The peak at 0.4 shifted to a higher EFRET value of 0.8. B-D) Typical trajectories for 
individual molecules during B) buffer flow and C-D) 2 mM adenosine flow. In C, EFRET was only 
transiently high, but in D, EFRET was steadily high. E-F) Dwell-time fitting analysis. In the adenosine flow 
trajectory, dwell time is defined as the time from when adenosine was injected (start at around 20 s) to the 
time when EFRET increased. E) Dwell-time fitting for the 2 mM adenosine flow (t1 = 10.2 ± 0.7 s). F) Dwell-
time fitting for the 1 mM adenosine flow (t1 = 19.0 ± 0.2 s). 
 
5.3.2.1.2 Unlabeled aptamer strand with FRET pairs 
Restriction enzymes have been used to detach a fluorophore from a donor and acceptor 
fluorophore pair linked by dsDNA, and this resulted in a decreased population at the original 
EFRET value.[78] The scheme for the unlabeled aptamer constructs with SNR and SR of 12 and 12 nt 
or 12 and 14 nt are shown in Figures 5.5B and C. According to the proposed aptamer 
mechanism and previous bulk FRET data, after adenosine uptake, SR will be released, taking Cy3 
with it and increasing the interfluorophore distance. As in the histogram comparisons shown in 
Figure 5.7A, typical snapshots were captured at four distinct moments: before and after buffer 
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flow, as well as 0-7 min and 16-23 min after the 2 mM adenosine flow. From the kinetic studies 
at various adenosine concentrations, the rate of the reaction increases as the adenosine 
concentration increases (see Figure 5.3). Since we were interested in discovering the intermediate 
subpopulation, slower structure-switching kinetics was better. Thus, lower concentrations of 
adenosine were preferred for the flow experiments. However, it is normally believed that surface 
reactions are slower than reactions in solution because of the surface’s steric hindrance. For 
example, the 8-17 DNAzyme reacted more slowly when it was immobilized on a surface.[79] 
With our adenosine aptamer system, 1 mM adenosine flow was tried but there was not a 
significant change in the EFRET distribution before and after the 1 mM adenosine flow. A 2 mM 
adenosine flow was then tried, and in this case, significant changes in the EFRET distribution were 
observed. In the initial state, that is, before buffer flow, the EFRET peak was 0.58 or 0.6. This 
indicated the baseline EFRET value for Cy3 and Cy5 separated by the DNA of this construct. 
Comparing the histograms before and after buffer flow, there was no significant change in the 
population represented by the EFRET peak at 0.6 after buffer flow, which indicated that there were 
no significant conformation changes taking place. After 2 mM adenosine in buffer solution was 
introduced into the same channel, the population of molecules giving rise to the 0.6 EFRET peak 
progressively decreased, which suggested that SR was successfully released after the adenosine-
induced conformational change.   
 
Figure 5.7 smFRET results for the unlabeled aptamer shown in Figure 5.5B. A) Histogram comparisons 
before and after buffer flow, as well as 0-7 min and 16-23 min after the 2 mM adenosine flow. Initially the 
most abundant state had an EFRET of 0.6. After the 2 mM adenosine flow, the population with an EFRET of 
0.6 decreased, indicating that many constructs had reduced FRET because of SR release.  B-D) Typical 
trajectory for individual constructs.  The trajectory B) after buffer flow and C) after 2 mM adenosine flow, 
using a one-stage trace, and D) after 2 mM adenosine flow, using a two-stage trace.  In both cases, dwell 
time is defined as the time from when 2 mM adenosine was injected (start at around 20s) to when the Cy5 
intensity decreased. E) Dwell-time fitting yields a decay time of t1 = 24 ± 2 s.  
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In addition to histograms, trajectories for individual molecules were also used to measure 
dwell time. The injection was usually done about 20 s after the movie began. During buffer flow 
(shown in Figure 5.7B), there was no significant change in the trajectory after injection. A typical 
trajectory for 2 mM adenosine flow is shown in Figure 5.7C. The majority of molecules 
underwent a one-stage process, that is, their Cy3 signal disappeared at the same time that the 
EFRET shifted. A small population of molecules, on the other hand, underwent a two-stage process 
(trace shown in Figure 5.7D). Tentatively, the first stage was defined as the time from when 
adenosine was injected to when EFRET decreased, and the second stage was defined as the time 
from the end of the first stage to when the Cy3 signal disappeared. Taking two cases together 
(Figure 5.7C and D), the dwell time was defined as the duration from the start of adenosine 
injection to the start of EFRET decrease.  By fitting a first-order exponential decay function to the 
experimental results (Figure 5.7E), a decay time of t1 = 24 ± 2 s was obtained. The second stage 
shown in Figure 5.7D appeared to be a Cy5 photobleaching event instead of an intermediate, 
since during the second stage, we could not see the Cy5 spikes at constant intensity under red-
laser illumination. 
Moreover, we investigated the effect of altering SR’s length. As SR was lengthened from 
12 to 14 nt (see Figure 5.5C), no change took place in the EFRET 0.32 peak when 2 mM adenosine 
was introduced, which suggests that no structure-switching behavior was effectively induced (see 
the histograms in Figure 5.8). Additionally, the initial EFRET decreased from 0.58 to 0.32, 
demonstrating the effects of elongating the interfluorophore distance. Bulk FRET experiments 
were also conducted with an unlabeled aptamer construct and a 14-nt SR and the results showed 
that no dramatic EFRET change occurred.  This proved that 12 nt is the optimal length for SR. 
Further elongation increased the strength of hybridization, increased the structure-switching 
energy barrier and prevented successful release.  
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Figure 5.8 Histograms of unlabeled aptamer with a 14-nt SR (structure shown in Figure 5.5C) before and 
after buffer flow as well as 0-6.5 min and 15-22 min after 2 mM adenosine flow. The position and number 
of molecules making up the 0.32 EFRET peak were similar in the histograms before and after buffer flow and 
2 mM adenosine flow, suggesting that adenosine could not induce a structure-switching event in most of 
our aptamer constructs if the 14-nt SR was used. 
 
In addition to buffer flow, cytidine flow was used as a control experiment. According to 
the binding model proposed by the adenosine aptamer’s NMR structure,  adenosine binds to 
certain guanidines.[27] Although cytidine is the canonical Watson-Crick base pair for guanidine, 
cytidine was not capable of binding the aptamer and inducing a structure-switching event. In a 
control experiment with cytidine (shown in Figure 5.9), the histogram did not change appreciably 
after a 2 mM cytidine flow. However, if a mixture of 2 mM cytidine and 2 mM adenosine flow 
was introduced, the population of the EFRET peak at 0.38 decreased dramatically. This was similar 
to the results obtained when 2 mM adenosine were used alone. 
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Figure 5.9 Histograms of unlabeled aptamers (structure shown in Figure 5.5B) before and after cytidine 
flow, as well as before and after the flow of a mixture of adenosine and cytidine. The position (0.42) and 
number of molecules of this EFRET peak were similar in histograms before and after the 2 mM cytidine flow, 
suggesting that cytidine did not induce a structure-switching event in the aptamer. However, the number of 
molecules of the EFRET peak decreased after a mixture of 2 mM adenosine and 2 mM cytidine was 
introduced, which indicated that the adenosine in the mixture could trigger the structure-switching event. 
 
5.3.2.1.3 Unlabeled aptamer strand with fluorophore and quencher pairs 
Although several donor/acceptor designs were attempted, some artifacts may exist. For 
example, in the case of the monolabeled aptamer strand, the aptamer was 5'-biotinylated and the 
3'-end of the single-stranded aptamer overhang was labeled with Cy3. Even with buffer flow, the 
flexibility of ssDNA may have caused a small degree of fluctuations in EFRET. To eliminate all 
kinds of artifacts, a fluorophore-quencher pair was chosen to replace the donor/acceptor pair 
previously used (see Figure 5.5D). In this new design, Cy5 and BHQ_2 quencher were placed at 
the 5'- and 3'-end of SNR and SR, respectively. Since the fluorophore and quencher were in close 
proximity, before the addition of adenosine there was very little observable fluorescence. Once 
adenosine was added, however, the aptamer started folding, the partial hybridization between the 
aptamer and SR was reduced, and as the quencher was released with SR, the construct’s 
fluorescence turned on. It was found that fairly low laser intensity should be used throughout the 
filming process, otherwise the laser will bleach the gradual turn-on fluorescence. In more serious 
cases, high laser intensities bleached a majority of the turn-on fluorophores, disturbing the 
observations and measurements.  
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In the histogram shown in Figure 5.10A, prior to adenosine flow, minimal fluorescence 
signal was observed due to the close proximity of the fluorophore and quencher. But many 
fluorescent bursts were observed after the adenosine was introduced.  
Representative individual traces and decay-time analyses are shown in Figure 5.10B-E. 
The first and relatively simple case was when a single peak was observed (Figure 5.10B). The 
second case was when several (normally two) peaks were observed, and the second peak was 
connected to the first peak (Figure 5.10C). The final case was when several (normally two) peaks 
were observed, but the second peak was not connected to the first peak (Figure 5.10D). 
Combining the dwell time (the time from the adenosine injection to the appearance of the first 
peak) of all the molecules in these three categories, the overall decay time was 25.7 s (Figure 
5.10E). As an example, typical spot appearances were compared before and after the 2 mM 
adenosine flow. Before the adenosine flow, the fluorescence intensity was very low and the 
surface looked dark. After the adenosine flow, many bright spots were observed. This was due to 
the aptamer’s function.  
 
 
Figure 5.10 smFRET results for the unlabeled aptamer system with fluorophore and quencher pairs (see 
Figure 5.5D). A) Histogram comparisons before and after buffer flow, as well as 0-6 min after 2 mM 
adenosine flow and 16-22 min after the 2 mM adenosine flow. The number of bursts of turn-on 
fluorescence keeps growing, leading to a great change in overall counts after 2 mM adenosine flow. B-D) 
Typical trajectories for the three major categories of individual molecules: A) single peak, B) two-stage 
single peaks, and C) two peaks. In all three cases, the dwell time was defined as the time from the 
beginning of injection to when turn-on fluorescence was observed. E) A first-order exponential decay 
function was fitted to the dwell time from three cases, yielding a decay time t1 of 25.70 ± 0.4 s. F) Typical 
spot appearances before and 6 min after the 2 mM adenosine flow. 
 
Taking the results from the unlabeled constructs (Cy3/Cy5 and Cy5/BHQ_2 pairs) and 
the monolabeled construct together, the response time of the structure-switching aptamer could be 
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correlated. The monolabeled construct revealed the aptamer’s intrinsic folding time, and the 
decay time was 10.2 s. The unlabeled constructs yielded the release time. The decay times were 
24 s for the Cy3/Cy5 construct and 25.7 s for the Cy5/BHQ_2 construct, respectively. These two 
decay times were very similar, since they captured the same process. Both of them were also 
longer than the monolabeled construct’s decay time. This is reasonable since the release event 
was a result of the folding process. A proposed adenosine aptamer structure-switching scheme is 
shown in Figure 5.11.  At the initial stage, three strands hybridize to form a structure-switching 
sensor (Figure 5.11A). At low adenosine concentrations, the aptamer folds and binds adenosines, 
but the releasing short strand is partially detached from the aptamer strand (Figure 5.11B). At 
high adenosine concentrations, the aptamer folds and binds adenosines; thus the releasing short 
strand SR is completely detached from the aptamer strand (Figure 5.11C). 
 
 
Figure 5.11 Proposed adenosine aptamer structure-switching scheme. A) At the initial state, three strands 
hybridize to form a structure-switching sensor (green strand: the original adenosine aptamer; purple and 
grey strands: an extended linker on the aptamer strand; orange strand: the non-releasing short 
complementary strand, SNR; black strand: the releasing short complementary strand, SR). B) At low 
adenosine concentrations, the aptamer folds and binds adenosines, but SR is partially detached from the 
aptamer strand. C) At high adenosine concentrations, the aptamer folds and binds adenosines, thus SR is 
completely detached from the aptamer strand. 
 
5.3.2.2 Surface immobilization of the 3'-biotinylated aptamer 
Although it is better to 5'-biotinylate the extended aptamer to minimize the interference 
of surface immobilization on aptamer’s folding, in the case of the monolabeled aptamer, the 
aptamer has only been labeled with Cy3 at its 3'-end. With its relatively long and floppy ssDNA 
overhang, some EFRET fluctuation observed may have been due to the flow force, not structure-
switching. In order to verify that what we observed is not an artifact, the positions of biotin and 
the fluorophore were shifted on the aptamer strand: the aptamer was 3'-biotinylated and 5'-labeled 
with Cy5. Cy3 was retained on the 5'-end of SR. Linkers of various lengths (5- and 10-thymidine, 
5T and 10T) were also introduced between biotin and the aptamer strand (see Figure 5.5E and F).  
In this way, the DNA linkage between the donor and acceptor was modified to be dsDNA, which 
is much more resistant to flow disturbances than ssDNA. Since dsDNA has a persistence length 
of 50 nm, it was ideal for studying interactions in the 10-100 nm range detectable by FRET.[78] 
5.3.2.2.1 Introducing a 5T linker between the biotinylated and the 3'-end of the aptamer 
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The histogram, individual traces and decay-time fitting for the construct with a 5T linker 
and a 3'-biotinylation are shown in Figure 5.12. The histograms are shown for four different 
stages: before and after buffer flow, as well as 0-4.5 min and 16-20 min after the 2 mM adenosine 
flow (Figure 5.12A). The FRET peak was around zero, because the distance between Cy3 and 
Cy5 was too long; thus, the position of the FRET peak overlaps with the donor-only peak.  There 
was a small decrease in the population of this FRET peak. The representative traces for individual 
constructs during buffer flow and the 2 mM adenosine flow are shown in Figures 5.12B and C. 
Compared to the constructs with 5'-end modifications, there was less fluctuation in the traces, 
which agreed with our expectation that the fluorophores’ interaction would be more stable against 
flow interference once they were separated by a fully complementary double-stranded spacer. In 
the 2 mM adenosine flow trace (Figure 5.12C), the dwell time for the one stage process was 
defined as the beginning of the injection (at around 20 s) to the disappearance of Cy3 signal 
(green trace). The fitted decay time was 17.8 s, which was slightly shorter than the results from 
the 5'-biotinylated construct (Figure 5.5B). This might be because the dsDNA spacer reduces 
surface’s interference with the constructs. 
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Figure 5.12 Histograms, typical trajectories for individual molecules, and dwell-time fitting for 3'-
biotinylated aptamer with a 5T linker (see Figure 5.5E). A) A histogram of 4 different stages. B-C) Typical 
trajectories for individual constructs during buffer flow and adenosine flow flow; the flow was introduced 
at around 20 s. B) The results during buffer flow. C) The results during the 2 mM adenosine solution flow. 
D) Dwell-time analysis for the structure-switching event. The dwell time was defined as the time from the 
start of injection (at around 20 s) to when the Cy3 signal disappeared (green trace). The fitted decay time 
was 17.8 s. 
 
5.3.2.2.2 Introducing a 10T linker between biotinylated and 3'-end of the aptamer  
The surface interference was further minimized and the construct’s conformational 
change was even clearer when the linker length was increased to 10 thymidines. The histogram, 
individual trajectories of buffer flow, 2 mM adenosine flow, and dwell time analysis are shown in 
Figure 5.13. As in the results from the 5T and 3'-biotinylated linker, the number of molecules for 
the FRET peak decreased after introducing 2mM adenosine solution. As for the dwell time 
statistic, the decay time was fitted to be 15.5 s.  This decay time was still comparable to those 
from the 5'-biotinylated constructs and the 5T and 3'-biotinylated linker. It was slightly smaller 
than that of the 5T and 3'-biotinylated linker, which was probably due to the improved flexibility 
provided by the longer linker. 
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Figure 5.13 Histograms, typical trajectories for individual molecules and dwell-time fitting for constructs 
with a 3'-biotinylated aptamer and a 10T linker (see Figure 5.5F). A) A histogram of 4 stages. B-C) The 
typical trajectories for an individual construct during buffer flow and adenosine flow; flow is introduced at 
around 20 s. B) The results during buffer flow. C) The results during 2 mM adenosine flow. D) Dwell-time 
analysis for the structure-switching event. The dwell time was defined as the time from the start of injection 
(at around 20 s) to when the Cy3 signal disappeared (green trace). The decay time was fitted to be 15.5 s. 
 
5.4 Conclusions 
In this paper, ensemble and smFRET methods were used to detect the conformational 
changes of the adenosine aptamer structure-switching sensor. By shifting the donor and acceptor 
fluorophores to different positions, various events (folding and releasing) of the structure-
switching process were verified from different points of view. The change in FRET was 
consistent between the ensemble and smFRET results. However, the exact EFRET values did not 
match because of these techniques’ different definitions of EFRET. In addition, a method to 
correlate the single-molecule results from different constructs was set up, and their results 
confirmed that folding happens prior to the releasing event and the time scale for each step has 
been quantified. 
 
5.5 Future directions 
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The original purpose of this study was to understand the mechanism of the structure-
switching system, especially how it functions in the colorimetric sensing platform. Here, the 
kinetic information for each step of the structure-switching process (folding and releasing) was 
obtained by FRET, and used the interaction of two fluorophores, a donor and acceptor. This is a 
limitation when it comes to applying this study’s results to the colorimetric sensing platform. 
Fluorophores and gold nanoparticles may have different properties in adenosine-aptamer-based 
sensors. First, a fluorophore is smaller than the 13-nm gold used in colorimetric sensors. The 
oligomers for the structure-switching system were not long (each nucleotide is about 3.4 Å), so 
the presence of an ever larger moiety, such as gold nanoparticles, might affect the aptamer 
performance’s. Secondly, the stoichiometry is different. In our system, each fluorophore had one 
linkage to DNA, and it was possible to maintain the donor and acceptor ratio at exactly 1:1. 
However, when using gold nanoparticles, many thiolated DNA oligomers will be able to bind 
onto one gold nanoparticle because of gold nanoparticle’s substantially larger size. And thirdly, 
the imaging techniques for fluorescent and colorimetric sensors are different. It is possible to use 
smFRET to monitor the interaction between donor and acceptor fluorophores. But for gold 
nanoparticles, time-resolved dark-field microscopy will be needed.  
One option to make the results from our FRET study more pertinent to the original 
colorimetric sensor would be to use the same smFRET apparatus, but introduce a gold 
nanoparticle and a fluorophore as two reporters. The design would be similar to the unlabeled 
aptamer with fluorophore and quencher pairs. Here, the gold nanoparticle would be the quencher, 
and the new construct could be used to study the kinetics of the turn-on fluorescence signal. One 
barrier to this proposal is that gold nanoparticles scatter light between 500-600 nm. For example, 
in a theoretical study, the absorption and scattering peaks of 20-nm gold nanoparticles were found 
to be around 530 nm.[80] Since this overlaps with Cy3 and Cy5’s emission spectra, the scattering 
may interfere with the detection of turn-on fluorescence.  
Another alternative is to introduce a quantum dot and a fluorophore into the sensing 
system. In this way, detection is still based on FRET; what has changed is that the donor and 
acceptor would be a quantum dot and a fluorophore. Quantum dots are much bigger than 
fluorophores and are similar to gold nanoparticles in size and multivalent binding stoichiometry.  
However, quantum dots can have blinking problems during single-molecule imaging, so this may 
present difficulties. The schemes of quantum dot- and fluorophore-labeled adenosine aptamer 
structure-switching sensors for smFRET are shown in Figure 5.14. Two constructs were designed 
for the two main processes of structure-switching: folding and releasing. QD 585 and Cy5 were 
used as the donor and acceptor pairs. Streptavidin-coated QD 585 has been used both as a linker 
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to DNA and as a surface attachment for DNA immobilization on surfaces. The construct for 
folding study is shown in Figure 5.14A. The 5'- and 3'- ends of the extended adenosine aptamer 
were labeled with QD 585 and Cy5. After the construct bound adenosine, EFRET was expected to 
increase. The construct for releasing study is shown in Figure 5.14B with QD 585 on the 5'-end 
of the extended aptamer and Cy5 on the 5'-end of SR. After the aptamer bound adenosine, Cy5 
formed a FRET pair with QD 585.  
 
 
Figure 5.14 Schemes for QD 585- and Cy5-labeled adenosine aptamer constructs for smFRET experiments. 
A) The construct for folding studies. B) The construct for releasing studies. Streptavidin-coated QD 585 
served as a surface-attachment linker to immobilize the aptamer.  
 
Before single-molecule experiments, a few bulk fluorescent measurements were done to 
verify the new construct’s effectiveness. The results are shown in Figure 5.15. One challenging 
aspect of this design was the multivalent binding capability of quantum dots. The quantum dots 
were coated with several streptavidin molecules and each streptavidin was capable of binding up 
to four biotin molecules. To make folding constructs, the QD 585 concentration was kept at 20 
nM and Cy5 concentrations of 20 or 100 nM were tried. When 20 nM of both QD 585 and Cy5 
were used (Figure 5.15A), the quantum dots had an intensity of about 1.3x10
6
 au at 585 nm while 
the Cy5 emission was negligible. A closer look at Cy5’s emission range (650-700 nm) revealed a 
low intensity peak (1.2x10
4
 au) at 666 nm (shown in Figure 5.15B). The Cy5 peak intensity after 
direct excitation at 648 nm was 1.7x10
5
 au (Figure 5.15C). If the QD 585 concentration is 
maintained at 20 nM but the Cy5 concentration is increased to 100 nM, a more intense Cy5 peak 
was visible in the emission spectra (Figure 5.15D). In this case, the QD peak intensity was about 
1.2x10
6
 au and the Cy5 peak intensity was about 4.7x10
4
 au (Figure 5.15E). The Cy5 peak 
intensity after direct excitation at 648 nm was then 7.8x10
5
 au (Figure 5.15F). When studying the 
releasing strand, 20nM of QD 585 and 100 nM Cy5 were used. In the emission spectrum shown 
in Figure 5.15G, a small peak at 666 nm is visible. The peak intensity of QD 585 was about 
1.15x10
6
 au and the intensity of Cy5 was about 3.2x10
4
 au (Figure 5.15H). The Cy5 peak 
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intensity after direct excitation at 648 nm was 7.0x10
5
 (Figure 5.15I). The EFRET was low. There 
are several problems with this FRET experiment. When there is a 1:1 ratio of QD 585 to Cy5, the 
quantum yields of the quantum dots and Cy5 differ by orders of magnitude. For this reason, QD 
585 and Cy5 are not a good donor/acceptor pair. In addition, the streptavidin-coated quantum dots 
are about 15-20 nm in diameter. Adding the quantum dot’s size to the size of biotin and the DNA, 
QD 585and Cy5 may be outside FRET’s (1-10 nm) detection range.[47]  
 
 
Figure 5.15 Bulk FRET of the adenosine aptamer labeled with QD 585- and Cy5. A) The emission 
spectrum of folding constructs (see the structure in Figure 5.14B) with 20 nM of both QD 585 and Cy5, 
and excitation at 520 nm. QD 585’s maximal emission is at 585 nm and Cy5’s is at 666 nm. B) The 650-
700nm region of the spectrum shown in A. C) Cy5 emission spectra after direct excitation at 648 nm. D) 
The emission spectrum of folding constructs (scheme shown in Figure 5.14B) with 20nM QD 585, 100 nM 
Cy5, and excitation at 520nm. E) The 650-700 nm region of the spectrum shown in C. F) Cy5 emission 
spectra after direct citation at 648 nm. G) The emission spectrum of releasing constructs (scheme shown in 
Figure 5.14A) with 20 nM QD 585, 100 nM Cy5, and excitation at 520 nm. H) The 650-700 nm region of 
the spectrum shown in C. I) Cy5 emission spectra after direct excitation at 648 nm. 
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CHAPTER 6 
ELECTROHYDRODYNAMIC JET (E-JET) PRINTING OF PROTEIN ARRAYS
1
               
6.1. Introduction  
With the urgent need for large scale and low cost sequencing for human genome project, 
DNA or mRNA microarrays have become newly emerging platforms for high throughput 
screening. The DNA microarray can also be used for the detection of gene expression level, such 
as single nucleotide polymorphisms (SNPs).[1] Current DNA microarray is normally based on 
solid state synthesis coupled with photolithographic method.[2-3] This approach is undesirable 
for many applications in terms of both time and cost.  To overcome these limitations, another 
approach, so-called spotted array method, in which the DNA molecules are synthesized 
beforehand and then transferred onto the solid support by inkjet printing or electrochemical 
method. This approach has been widely explored in both academia and start-up companies like 
Affymetrix.  
Besides DNA microarrays, protein microarrays are useful for the study of expression 
level from the DNA to mRNA and the translation level from mRNA to protein as well as post-
translation modifications.[4-5] Nowadays, several engineering methods have been applied in the 
biomolecule array field, such as Dip-pen lithographic,[6-12] microcontact printing,[12-31] 
photolithography,[32-33] e-beam lithography,[34] inkjet printing[35-40] and some other 
method.[41-42] Inkjet printing has the advantage of fast speed, low cost and less contact.[37, 43-
44] Electrohydrodynamic jet (E-jet) printing is very similar to inkjet printing technology in 
principle. But it depends on the electrical fields to generate ink droplets through tiny nozzles, not 
on thermal or acoustic energy for the traditional inkjet printing methods.[43, 45] Compared to 
other lithographic and microcontact printing methods, it has several advantages, such as flexibile 
in pattern design, compatible with a wide variety of substrates and inks including fragile materials 
and biomolecules which may be not compatible with lithography methods. And compared to the 
traditional inkjet printing, E-jet printing provides dramatically improved printing resolution. On 
the other side, one of the drawbacks of early generation of E-jet printing is its modest printing 
speed. However, with the development of high speed pulsed printing, the printing speed has been 
improved and then it becomes attractive for a lot of applications.[46] For example, the DNA 
microarrays have been successfully demonstrated by E-jet printing method.[47-48] Given so 
                                                          
1
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many advantages of E-jet printing, we wonder whether we can use it form microarray for 
proteomics. However, whether protein microarray is also compatible with the E-jet printing 
remains elusive because there are several challenges rooted from intrinsic properties of proteins. 
For example, proteins are normally less stable than DNAs and they are easily denatured if some 
buffer conditions have been changed. And also it is difficult to realize protein in situ synthesis 
due to the requirement of ribozyme cooperativity. By using E-jet printing, it is possible to obtain 
a multiplex protein microarray with low cost in an efficient way. Here, streptavidin, a stable 
protein, is chosen to test the feasibility of applying E-jet printing to protein microarray 
demonstration. Streptavidin is a tetramer, and has strong interaction with a small molecule, biotin. 
This specific recognition has been widely used in many surface immobilization and 
bioconjugation. For instance, this interaction has been utilized in the DNA E-jet printing 
study,[47] where biotin labeled DNA are printed onto the streptavidin coated substrate to adopt 
proper immobilization orientation and strong surface attachment to withstand washing and 
incubation steps. However, in this paper, the whole surface is coated with streptavidin via 
chemical method and there is no spatial selectivity, so nonspecific interaction will interfere at 
undesired location. Here we demonstrated that streptavidin could be printed onto the surface with 
decent spatial control, maintaining majority of its bio-functionality even through the high voltage 
(100-300V) process involved in the E-jet printing method, which can be then utilized to address 
the location of further attached biomolecules with biotin tags. Later on, microarrays with other 
proteins are also demonstrated, showing that E-jet printing can be a general method applied to 
many proteins.  
One big challenge for protein functional array is to ensure strong attachment of the 
printed protein to the surface, since the subsequent bio-reorganization process involves several 
solution-based steps (incubation with target solution and washing to remove the extra unbound 
targets). Proteins can adhere to the surface in many ways, such as, physisorption, chemisorption, 
bioaffinity immobilization and so on.[49] Physisorption is based on electrostactic, hydrophilic 
and hydrophobic interactions. Chemisorption is based on covalent attachment via coupling 
reactions based on certain functional groups. Bioaffinity immobilization is dependent on specific 
recognition between biomolecules or with small molecules such as the avidin and biotin 
interaction. Bare Si or SiO2 has been proven to be incapable of providing the strong retention for 
the protein during the incubation and washing steps. Many surface modification strategies can 
enhance protein attachment onto the surface, such as poly(vinylidene fluoride) (PVDF), 
nitrocellulose, poly-lysine, aldehyde, epoxy, avidin, Ni-NTA, gold coating, Polydimethylsiloxane 
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(PDMS), and protein binding nucleotide coating.[50-52] In terms of microarray characterization 
methods, fluorescence microscope, phosphorimager (isotope labeling), atomic force microscopy 
(AFM), electrochemical detection, and surface plasma resonance (SPR) can be used.[50] Since 
fluorescence microscopy can achieve the detection of high resolution and sensitivity, it is chosen 
as the major detection method in this work.  
One of the challenges for the real sample detection is the presence of multiple analytes. In 
this case, multi-component microarrays will be an effective method to realize parallel reaction at 
the same time. Multiplex protein arrays have been fabricated using various strategies. In one of 
the comprehensive works, multiplex protein microarrays have been made using a high precision 
microcontact printing robot; three protein interactions (protein-protein, enzyme-substrate and 
protein-small molecule) have been successfully verified on the microarray.[53] In a microcontact 
printing study, two IgGs from different animal species are immobilized onto the surface to test 
the binding selectivity of each IgG.[54] In another example, e-beam lithography is used to pattern 
PEG linkers with different functional groups, which can selectively bind proteins with four 
different modifications.[34]  Most recently, polymer pen lithography, which is the latest 
generation of the dip pen nanolithography has been demonstrated to realize a multiplex protein 
microarrays with sub 100 nm resolution.[55] In this work, we also demonstrate the potential 
application of E-jet printing for multi-component arrays with fluorescent proteins and antibodies. 
Especially for antibodies, a multi-component detection array is shown, which might be promising 
for diagnostic and therapeutic applications.  
Finally, large area high speed (1 inch by 1 inch in 15 min) printing is also demonstrated.  
At the early stage of E-jet printing technology, one of the limiting factors is the slow printing 
speed. However, with the development of pulse mode printing, printing speed has been improved, 
making E-jet printing compatible with other large area printing techniques, such as microcontact 
printing.  
 
6.2. Experimental  
6.2.1. Materials  
All oligonucleotides were purchased from Integrated DNA Technologies Inc. (Coralville, 
IA, USA) with HPLC purification. The sequence for Alexa 546 DNA is 5'-Alexa546-ACT CAC 
TAT TTC GAC CGG CTC GGA GAA GAG ATG TCT C-3' (37-mer). And the sequence for 
Alexa 546 and biotin labeled DNA is 5' biotin-ACT CAT CTG TGA AGA GAA CCT GGG 
GGA GTA TTG CGG AGG AAG GT-Alex546 3'. Streptavidin (66 kDa, 1 mg/100 uL PBS 
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buffer, around 152 µM), purified mouse IgG, rabbit IgG (~150 kDa, 5 mg/mL for each), human 
IgG (~150 kDa, 10 mg/mL), Alexa 350 donkey anti mouse IgG secondary antibody, Alexa 546 
goat anti rabbit IgG and Alexa 488 goat anti human IgG (~150 kDa, 2 mg / mL for each, 5-6 
fluorophore per protein) were purchased from Invitrogen (Carlsbad, CA, USA). Streptavidin-
fluorescein and streptavidin-Cy5 were ordered from GE Healthcare (Piscataway, NJ, USA). Goat 
anti mouse IgG secondary antibody was purchased from Pierce Biotechnology (Rockford, IL, 
USA). All the antibodies used here are polyclonal. The mPEG-amines (Mw 2000 and 550) were 
purchased from laysan Bio Inc. (Arab, AL, USA). GFP (expressed from pFluoroGreen, pFG) and 
mCherry fusion protein (mCherry) are expressed and purified according to previous publications. 
1H, 1H, 2H, 2H-perfluorodecane-1-thiol (to fluorinate nozzles) is purchased from Fluorous 
(Pittsburgh, PA, USA). Si wafer is purchased from WRS Materials (Spring City, PA, USA). 
Nozzle is purchased from World Precision Instruments (Sarasota, FL, USA). Glass microscope 
slides were ordered from Fisher Scientific (Pittsburgh, PA, USA). 3-
glycidoxypropyltrimethoxysilane (epoxy silane) and 3-mercaptopropyltrimethoxysilane (thiol 
silane) are purchased from Sigma-Aldrich (St. Louis, MO, USA); carboxyethylsilanetriol 
(carboxylate silane) is purchased from Gelest (Morrisville, PA, USA). All other chemicals were 
purchased from Sigma-Aldrich (St. Louis, MO, USA) without further purification.  
6.2.2. E-jet substrates 
DNA with fluorophores, fluorescent proteins (GFP and mCherry) and proteins with 
fluorophores (streptavidin-fluorescein and streptavidin-Cy5) are normally directly printed onto Si 
wafer substrate if no further incubations are needed since they can be directly imaged under 
fluorescence microscope. For protein functional arrays (streptavidin/biotin DNA recognition and 
antibody array applications), incubation and washing steps are necessary, so proteins are printed 
onto a silane surface which can bind protein strongly, such as epoxy, carboxylate, and thiol 
surface (the functionalization chemistry is listed in Figure 6.2).  For the epoxy surface, covalent 
bonds are expected to form between free amine and hydroxyl groups;[56] however, it is also 
highly possible only nonspecific binding are formed between the surface and the proteins since 
ring opening is not easy to be activated at current incubation condition. Further surface 
characterizations are necessary to explore the nature of the strong binding. For the carboxylate 
surface, covalent bonds formed with free amine group on the protein. And for the thiol surface, a 
strong physical or chemical adsorption is involved since there is no cysteine group on the 
streptavidin but still streptavidin is found to attach the surface with enhanced affinity. [57] 
6.2.2.1. Epoxy surface modification  
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Prepare a solution containing 5% water in ethanol (v/v) and adjust the pH to around 5 
with acetic acid. Dissolve an epoxy silane coupling agent in the acidic water/ethanol solution with 
stirring to a final concentration of 2% (v/v). Allow hydrolysis to occur for 5 minutes at room 
temperature to form reactive silanols. Contact the substrate with the silane solution at 35°C for 5 
to 20 hours. Wash the substrate twice with ethanol and once with water to remove excess silane 
compound. Cure the organosilane-modified substrate by incubation at 110°C for 10 minutes. 
6.2.2.2. Thiol surface modification  
Dissolve a silane coupling agent in ethanol solution with stirring to a final concentration 
of 1% (v/v). Allow hydrolysis to occur for 5 min at room temperature to form reactive silanols. 
Contact the substrate with the silane solution at room temperature for 15 hours. Wash the 
substrate three times with ethanol to remove excess silane compound. Cure the organosilane-
modified substrate by incubation at 110°C for 10 min. 
6.2.2.3. Carboxylate surface modification (EDC/sulfo-NHS chemistry)  
Immerse a substrate in 3 mL of 10 mM sodium phosphate (pH 7.4) with gentle mixing. 
Add 60uL of carboxyethylsilanetriol (as the 25% aqueous solution) to the buffer solution with 
mixing. React at room temperature for 4 hours. Wash the modified substrate four times with the 
buffer and once with coupling buffer, i.e., 50 mM MES (pH 6.0). Immerse the substrate in 3 mL 
coupling buffer. Dissolve concentrated solutions of EDC and sulfo-NHS to final concentrations 
of 2 mM and 5 mM, respectively. React for 15 min at room temperature. Wash the substrate twice 
with coupling buffer and twice with water. Dry the substrate with nitrogen gas. 
6.2.3.  E-jet ink composition 
For DNA printing, 5 µM Alexa 546 labeled DNA in buffer containing 25 mM potassium 
phosphate (pH 6.9) and 50 mM NaCl with 10% glycerol is used for printing. For streptavidin-
biotin recognition array printing, 1 µM streptavidin in buffer containing 25 mM potassium 
phosphate (pH 6.9) and 50 mM NaCl with 25%-30% glycerol and 0.05% Tween 20 is used. For 
multi-component fluorescent protein array printing, 5 µM of each protein (pFG, mCherry fusion 
protein, streptavidin-fluorescein, or streptavidin-Cy5) in buffer containing 25 mM potassium-
phosphate (pH 6.9) and 50 mM NaCl with 40% glycerol and 0.05% Tween 20 is used. For 
antibody array printing, 1 µM antibody (mouse IgG) in buffer containing 25 mM potassium-
phosphate (pH 6.9) and 50 mM NaCl with 40% glycerol and 0.05% Tween 20 is used. 
6.2.4. Biotin-DNA incubation for streptavidin array  
Streptavidin has no fluorophore modification. In order to observe the printed pattern, 
fluorophore (both Cy3 and Alexa 546) and biotin labeled DNA molecules have been applied to 
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the streptavidin microarray. The two fluorophores have very similar excitation and emission 
wavelengths (Cy3 Ex/Em: 550/564 nm, Alexa 546 Ex/Em: 555/571 nm). But Alexa 546 has 
better photo-stability. The fluorescence detection is based on the strong recognition between 
streptavidin and biotin. The existence of fluorescent patterns will prove the printed streptavidin 
are both structurally intact and functionally active. For the incubation step, 20 µL of 5 µM 
fluorophore & biotin labeled DNA in 25 mM potassium-phosphate (pH 6.9) or 1X PBS buffer 
and 500 mM NaCl is dropped onto the printed area and incubate for 20 to 30 min in a humidity 
container to prevent the drying during incubation. Then, the substrate is washed with 3 to 4 mL of 
Millipore water to remove the unbound DNA and extra salt solution and dried with air.  
6.2.5. Secondary antibody (anti IgG) incubation for primary antibody (IgG) array  
The incubation protocol is adapted from the primary and secondary antibody recognition 
procedures reported by Inerowicz H. and Reifenberger R. method for multiple protein 
immunoassays microarrays generated by microcontact printing.[54] Firstly, the mouse IgG 
pattern was passivated with 5 mg/mL BSA in 1X PBS solution for 20 min, washed with Millipore 
water and dried by air. Then the treated pattern was incubated with Alexa 350-Donkey anti mouse 
IgG for 40 min washed with Millipore water and dried by air. Other incubation conditions are 
mentioned specifically in the results part.  
6.2.6. Fluorescence microscope imaging  
Zeiss Axiovert 200M microscope is used for all the imaging. The substrate with printed 
pattern is back-attached onto a glass microscope slide using double-sided tapes. For Alexa 350, 
DAPI channel is used; for fluoresceine, GFP and Alexa 488, FITC channel is used; For Cy3, 
Alexa 546 and mCherry, Rodamine channel is used; For Cy5, Cy5 channel is used.  
 
6.3. Results and discussion 
6.3.1. DNA printing  
Since DNA is more stable than protein and has been demonstrated compatible with the E-
jet printing, DNA printing is firstly used to provide the optimal printing parameters for protein 
microarray fabrication. DNA with an Alexa 546 fluorophore modification is used for printing and 
nozzles with both 2 and 0.5 µm diameters are used. The “I” and butterfly images printed with 2 
and 0.5 µm are shown in Figure 6.1 A and B, respectively. The general size of the droplets 
printed from 2 µm nozzle is about 4-5 µm, larger than the nozzle diameter, which is probably due 
to the coalescence of two or more small droplets, since normally the printed dot size should be 
similar as the diameter of the nozzle. And the images got for 2 µm nozzle are very bright and 
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clear but those got from 0.5 µm nozzle are rather faint, probably due to the decreased droplet size 
with a smaller nozzle.  
 
 
Figure 6.1 Fluorescent images of Alexa 546 labeled DNA printing with different sized nozzles: A) with 2 
µm nozzle; B) with 500 nm nozzle. Selected patterns are presented from left to right: top “I”, bottom “I” 
and butterfly.  
 
6.3.2. Streptavidin array printing  
Protein concentration is another critical parameter since high concentration (e.g. 10 µM) 
of streptavidin, can easily clog the nozzle during printing, while low concentration of streptavidin 
could not provide enough detection signals. In order to maintain a smooth printing and achieve 
high signal intensity as well, 1 µM has been chosen for the streptavidin concentration.  
Various substrates have been used for streptavidin printing, such as bare Si wafer, Si 
wafer with an oxide layer (after piranha solution treatment) and Si wafer with 100 nm SiO2 
deposits, majority of the printed patterns are lost during biotin labeled DNA incubation and 
washing steps, so surface attachment needs to be improved to keep  the image fidelity.  
6.3.2.1. Improvement of surface immobilization efficiency  
There are different surface chemistries for the covalent attachment, such as aldehyde, 
epoxy, thiol, carboxylate, bioaffinity tag, and click chemistry.[51-52] These functional groups 
react with either amino, hydroxyl or thiol groups on the protein structure. At first, three kinds of 
surface chemistries were tested to compare the immobilization efficiencies: thiol, carboxylate and 
epoxy. The reaction schemes for each functional group and typical printed streptavidin patterns 
(after biotin and Alexa 546 labeled DNA incubation) are shown in Figure 6.2. All of the three 
chemistries can provide strong surface immobilization efficiency as observed from the strong and 
complete fluorescent patterns. But the interaction between the protein and the thiol surface varies 
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according to the protein sequences, normally physisorption (for proteins without free cysteine) or 
disulfide bond formation (for proteins with free cysteine). It may not be a universal surface 
chemistry offering a similar surface affinity for all the proteins. So the better choice lies in 
between the other two candidates, epoxy and carboxylate surfaces. 
  
 
Figure 6.2 Reaction schemes of common functional groups for surface immobilization and fluorescence 
images of printed streptavidin patterns (after biotin and Alexa 546 labeled DNA incubation): A) epoxide 
group: react with HX, amino and hydroxyl group; B) thiol group: react with another thiol to form a 
disulfide bond; C) carboxyl group: react with amine group via EDC/sulfo-NHS coupling; D) a horse head 
pattern printed on the epoxide surface; E) a flower pattern printed on the thiol surface; F) a flower pattern 
printed on the carboxyl surface. 
 
A control experiment was done to compare the surface immobilization efficiencies of 
epoxy and carboxylate surfaces using Alexa 546 labeled DNA. DNA was printed onto two 
substrates with different surface chemistries and directly imaged under fluorescence microscope 
to get the images before washing. After that, both samples were washed with 3-4 mL of Millipore 
water, dried with air and imaged for the second time to get the images after washing. For the 
DNA pattern printed on an epoxy surface, the images after washing maintain similar fidelity as 
the ones before washing, although the intensities have been decreased (Figure 6.3A). However, 
for the DNA pattern printed on a carboxylate surface, the images after washing appear vague 
(Figure 6.3B). According to this result, epoxy surface is chosen as the best immobilization 
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strategy. Epoxy surface has been widely used for immobilization of biomolecules and polymers. 
The surface morphology can be well controlled by adjusting the concentration of epoxysilane 
molecule and incubation duration. In one study based on many characterization results (including 
contact angle measurement, scanning probe microscope (SPM) and X-ray photoelectron 
spectroscopy (XPS)), it is proposed that epoxysilane molecules orient in the normal direction of 
the surface in extended conformation, forming a monolayer on Si surface with the majority of the 
epoxy moiety stays at the top of the layer.[58] In another cell patterning study, epoxy chemistry is 
shown to provide enhanced surface adhension than ECM proteins to guide cell growth. [59] 
 
 
Figure 6.3 Fluorescent image comparison on the surface immobilization efficiency between the epoxy and 
carboxylate surfaces with a horse was printed with Alexa 546 DNA through a 2 µm nozzle. The printed 
pattern was directly imaged under fluorescence microscope and imaged again after being washed with 3-4 
mL of Millipore water and dried with air. A) Epoxy surface: the images maintain high fidelity even after 
washing; B) carboxylate surface: the images after washing become weak and faint. Note: for after washing 
images, longer exposure time is needed to get similar intensity.  
 
6.3.2.2.  Optimization  of the incubation condition  
Biotin and streptavidin interaction has been employed at various conditions for bio-
conjugation applications. Here we focused our optimization on the ionic strengths for incubation. 
Two conditions were tested, 500 mM and 50 mM NaCl. As shown in Figure 6.4A, it is found 
that at 500 mM NaCl and 1X PBS buffer, bright dots are observed, which suggests that the 
printed streptavidin can bind Alexa 546 and biotin labeled DNA at this buffer condition. On the 
other hand, for a sample printed at the same condition but incubated with DNA at a lower ionic 
strength (50 mM NaCl), few bright dots are observed, indicating that biotin and streptavidin 
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cannot bind very efficiently at low ionic strength condition (Figure 6.4B). So the ionic strength at 
500 mM NaCl is adopted for all the following streptavidin and biotin DNA incubation.  
 
 
Figure 6.4 Optimization of the salt condition for biotin labeled DNA incubation with printed streptavidin 
patterns: A) 500 mM NaCl and 1X PBS buffer, B) 50 mM NaCl and 1X PBS buffer.  
 
6.3.2.3. Improvement of printing resolution 
            For initial trials, nozzle of 2 µm diameter is used for printing and the observed bright 
biotin DNA binding signals, demonstrating that the majority of streptavidin proteins are still 
functionally active after printing (as shown in Figure 6.5A). In order to improve the printing 
resolution, even smaller nozzles (1 and 0.5 µm) are tested. Although similar printing parameters 
are adoped, results are inferior in many aspects. Take a streptavidin-fluorescein printing using 1 
µm nozzle as an example (shown in Figure 6.5B), in FITC channel, clear patterns with strong 
fluorescence are observed. However, the dots of patterns in rodamine channel appear dark. The 
rodamine channel fluorescent signal comes from the bound biotin and Alexa 546 labeled DNA. 
So the dark signals in rodamine channel indicate that the printed streptavidin proteins are not able 
to bind with biotin labeled DNAs well, which suggests that the majority of printed streptavidin 
proteins are probably damaged or denatured, thus losing their functionality. Maybe the smaller 
nozzle creates greater shear force or higher local voltage, posing more damage to the protein. In 
order to solve this problem, lower maximum voltage (reduced from around 300 V to 170 V) is 
used for printing under pulse and DC modes. And more bright binding dots in rodamine channel 
are observed and clear printed patterns of high resolution are now achievable with 1 µm nozzle 
printing (Figure 6.5C). Compared with Figure 6.5A and C, The dot size shrank correspondingly 
with the decreased nozzle size and similar strategy (reduced maximum voltage) has been applied 
for streptavidin printing using 0.5 µm nozzle. As shown in Figure 6.5D, bright binding dots are 
observed in the rodamine channel (Figure 6.5D) but the conditions are still under optimization 
for better pattern features. 
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Figure 6.5 Fluorescent images of streptavidin or streptavidin-fluorescein printing using different sized 
nozzles: A) streptavidin-fluorescein printing using 2 µm nozzle. Rodamine channel indicates the biotin and 
Alexa 546 labeled DNA signal; FITC channel is the fluorescein signal from streptavidin and the signals 
from two channels are overlayed. Intact patterns with bright dots overlapped in positions are observed in 
both rodamine and FITC channel, indicating the streptavidin are functionally active after printing. B) 
Streptavidin-fluorescein printing using 1 µm nozzle at the same printing condition as that for 2 µm nozzle. 
Images in rodamine, FITC and overlay channels are presented. Only bright dots are observable in FITC 
channel, which suggests that the streptavidins may be denatured after printing. C) Streptavidin printing 
using 1 µm nozzle with a reduced maximum voltage. Rodamine channel signal is from the biotin and Alexa 
546 labeled DNA. Top half and bottom half of “I”, butterfly and flower patterns are presented. There are 
bright dots, indicating the streptavidins are still functionally active after printing at a reduced maximum 
voltage printing condition. D) Streptavidin printing using 0.5 µm nozzle with a reduced maximum voltage. 
Bright dots are observable, but the pattern quality needs to be further improved. 
 
6.3.2.4. Streptavidin printing buffer 
It is normally believed that phosphate buffered saline (PBS) buffer is the best buffer 
condition to keep protein stable from denaturing. However, it is found that nozzle is easily 
clogged when using 1X PBS buffer for streptavidin printing during our initial trials.  The 
clogging issue is alleviated with a phosphate buffer (25 mM potassium phosphate, pH 6.9 and 50 
mM NaCl) used in the DNA printing. So this buffer is adopted instead of standard PBS buffer for 
all the protein printing. In addition 40% glycerol and 0.05 % Tween 20 are added to prevent the 
fast evaporation of protein solution or the undesired attachment of protein on the inner side of the 
printing nozzles or syringes.[6, 53]  
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6.3.2.5.  Control experiments for streptavidin printing 
6.3.2.5.1. Streptavidin printing with Alexa 546 DNA incubation 
The first control experiment is to see whether the bright dots are due to the streptavidin 
and biotin specific interaction. Thiol (SH) surface has been demonstrated to provide strong 
surface immobilization efficiency for printed streptavidin during the DNA incubation and 
washing steps. Here, streptavidin was printed on a SH surface, but incubated with Alexa 546 
labeled DNA without a biotin moiety (scheme is shown in Figure 6.6A). Very few bright dots are 
observable in the printed patterns (Figure 6.6B), proving that streptavidin and biotin interaction 
is the key to the bright dots observed in the previous printed samples.  
 
 
Figure 6.6 Schemes and selected patterns for control experiments for streptavidin printing: A) streptavidin 
was printed on a SH surface, but incubated with Alexa 546 labeled DNA without biotin modifications; B) a 
flower pattern for A, very few bright dots are observed; C) BSA is printed on an epoxy surface, and 
incubated with Alexa 546 and biotin labeled DNA; D) a flower pattern for C, no bright dots are observed.  
 
6.3.2.5.2. BSA printing with biotin and Alexa 546 labeled DNA incubation 
Another way to test the biotin and streptavidin specific interaction is to print another 
protein and test its binding interaction with biotin and Alexa 546 labeled DNA. Here, Bovine 
serum albumin (BSA) is used since it has a similar molecular weight (67 kDa) and isoelectric 
point (4.7) as streptavidin. And Epoxy has been demonstrated as a surface which can provide 
strong immobilization interaction for streptavidin to survive the incubation and washing steps. So 
here, BSA was printed on the epoxy surface and incubated with biotin and Alexa 546 labeled 
DNA (the scheme is shown in Figure 6.6C). Dark dots are observed in the printed patterns 
(Figure 6.6D), indicating that bright dots observed in previous samples are due to the streptavidin 
and biotin specific interaction. BSA cannot bind to biotin labeled DNA. The reason for a dark 
pattern is that the biotin and Alexa 546 labeled DNA can bind to the exposed epoxy region 
around the printed pattern, increasing the background fluorescence, contribution to an inverse 
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contrast. And the dark pattern occupied by BSA also proves that BSA can serve as a good 
blocking agent for non-specific binding.  
6.3.2.6.  Blocking to suppress background fluorescence 
Since biotin and Alexa 546 labeled DNA can also bind to the unpatterned area of epoxy 
surface, background fluorescence will be increased and the contrast of the pattern will be reduced. 
In order to reduce the background fluorescence, some molecules containing free amine group but 
without fluorophore can be used to occupy the unpatterned area surrounding the printed patterns, 
such as amine-PEG, BSA and some small molecules (such as Tris buffer).  
6.3.2.6.1. mPEG-amine (CH3O(CH2CH2O)nCH2CH2NH2) blocking 
It is reported that poly (ethylene glycol) (PEG) surface resists the adsorption of protein 
molecules due to the proposed “steric stabilization” effect.[60] According to the theory, PEG 
molecules, initially solvated and disordered in aqueous solution, will compress and transfer water 
to the bulk at the adsorption of protein. The energetic penalties associated with the two processes 
make the protein adsorption less favorable. For example, amine PEG has been reported as a 
blocking agent for protein patterning on the aldehyde surface since the amine group can react 
with aldehyde group.[29]  
Since epoxy modified surface is also amine reactive, PEG with amine group is chosen as 
a blocking agent for the epoxy surface. Two mPEG-amines of different molecular weights (2000 
and 550) have been tested. The mPEG-amine (Mw 500) is in a liquid form and the mPEG-amine 
(Mw 2000) is in a solid powder form at room temperature. The ethanol solution of a thiol TEG, 
11-mercaptoundecyl-tri (ethyleneglycol), has been used as blocking agent on Au surface while 
proteins were patterned via dip pen lithography.[6] In our case, ethanol might cause protein 
precipitation so the water solution of mPEG-amine is prepared for blocking test.  
We have tried different concentrations and incubation time for mPEG-amine (Mw 2000) 
blocking: 10 mM mPEG-amine solution incubation for 40 min on three surface chemistries 
(epoxy, carboxylate, and thiol), 10 mM mPEG-amine solution incubation for various time 
durations (16, 5 and 2 min) on epoxide surface. Firstly, mPEG-amine is used for blocking tests on 
three different surfaces. The images of an “I” pattern after DNA incubation are shown in Figure 
6.7 A and B for carboxylate and epoxide surfaces respectively. The images on thiol surface are 
not observable, possibly caused by insufficient surface immobilization efficiency. The “I” pattern 
on carboxylate surface is distorted and printed dots become indistinguishable. It appears “fat”, 
probably surrounded by other molecules. And the “I” pattern on epoxy surface is sharp with the 
individual printed dots visible, although with lower contrast. Possible reasons for this reduced 
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contrast could be: 1) mPEG-amine (Mw 2000) is too long in length, longer than the height of 
streptavidin on the surface, interfering the biotin DNA binding onto the streptavidin; 2) the 
surface immobilization efficiency is not very strong, and many printed streptavidin have been 
washed away after several solution steps (blocking incubation, binding incubation and many 
washings). 
 
 
Figure 6.7 Fluorescent images for comparison of mPEG-amine (Mw. 2000) blocking effects on 
streptavidin patterns printed onto different surfaces (10 mM mPEG-amine incubation for 40 min): A) 
carboxylate surface; B) epoxy surface. The image is from rodamine channel for Alexa 546 signal on biotin 
labeled DNA. 
 
The mPEG-amine (Mw 500) might be a better blocking agent than mPEG-amin (Mw 
2000) since its length is comparable or smaller than the height of streptavidin (roughly 4-5 nm) 
on the surface. In order to evaluate whether the surface immobilization efficiency is low and 
whether streptavidin has been removed during the incubation, a flurophore labeled streptavidin, 
streptavidin-fluorescein, is used for printing since both direct fluorescence from the fluorescein 
and bound DNA are obtainable. The printed patterns was passivated with the blocking solution, 
washed with Millipore water, and dried with air. Then it was incubated with the biotin and Alexa 
546 labeled DNA. Different blocking conditions with mPEG-amine (Mw 500) have been tested: 
10 mM solution incubation for 1.2 min or for 20 min, and 2 mM solution incubation for 23 min. 
It is found that better results are obtained using the last condition. Two individual samples with 
same streptavidin-fluorescein printed patterns are compared: one without mPEG-amine blocking 
(Figure 6.8, A-D) and the other with mPEG-amine blocking (2 mM, 23 min incubation, Figure 
6.8, E-H). FITC channel image indicates the fluorescein signal from streptavidin and Rodamine 
channel signal represents the Alexa 546 signal from DNA. Bright spots are observed in Rodamine 
channel in the patterns without mPEG-amine blocking (Figure 6.8, A-D), while the intensities for 
dots in FITC channel are weak. This may be due to a fluorescence resonance energy transfer 
process takes place: fluorescein serves as a donor and Alexa 546 serves as an acceptor since the 
single strand DNA linkage (44 mer, but the inter-fluorophore distance will be much shorter due to 
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the drying process after incubation and washing) falls in the length range of 1-10 nm. This FRET 
process will reduce the FITC channel intensity. The patterns with mPEG-amine blocking (Figure 
6.8, E-H) show a lower efficiency to bind biotin and Alexa 546 labeled DNA since the intensity 
of rodamine channel image is weak. And the intensity of FITC channel image is higher than the 
case of the sample without blocking. For that sample, less biotin DNA is bounded onto 
streptavidin, thus less acceptor for FRET process. From this result, we draw the conclusion that 
mPEG-amine blocking is not effective enough to maintain high biotin DNA binding efficiency. 
  
 
Figure 6.8 Fluorescent images for comparison of mPEG-amine (Mw. 550) blocking effects (2 mM mPEG-
amine incubation for 23 min) prior to biotin DNA incubation on two samples printed using a simlar 
condition: (A-D) sample 1 without mPEG-amine incubation, (E-H) sample 2 with mPEG-amine incubation. 
FITC channel is for the streptavidin-fluorescein signal; Rodamine channel is for Alexa 546 signal on biotin 
labeled DNA; and overlay are the suposimposition of the two channel images. A) and E) are parts of a “I” 
pattern; B) and F) are parts of a heart pattern; C) and G) are parts of a horse head; D) and H) are parts of a 
horse body. 
 
6.3.2.6.2. Tris blocking 
Tris acetate, smaller than mPEG-amine, has one free amine group to react with the 
epoxide group. It might be a better blocking candidate with less interference with the biotin DNA 
binding afterwards. Two samples with printed streptavidin-fluorescein patterns are compared: one 
without Tris acetate buffer (pH 8.0) blocking (Figure 6.9, A-D) and the other with Tris acetate 
blocking (2 mM, 20 min incubation, Figure 6.9, E-H). Similar as mPEG-amine blocking results, 
the patterns with Tris acetate blocking show a lower efficiency of biotin and Alexa 546 labeled 
DNA binding since the intensity of rodamine channel image is weak. And the intensity of FITC 
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channel image is vaguely increased. This may be caused by a less pronounced FRET process. 
Compared to mPEG-amine blocking, Tris-acetate seems to have better biotin DNA binding 
efficiency (referred to the horse body and leg image in Figure 6.9G and H, many bright dots 
shown up in the rodamine channel images). However, the biotin DNA binding efficiency is not as 
good as the sample without blocking. As a result, tris blocking is not used in the streptavidin 
patterns.  
 
 
Figure 6.9 Fluorescent images of the comparison of Tris acetate blocking effects (2 mM Tris acetate buffer, 
pH 8, incubation for 20 min) prior to biotin DNA incubation on two samples printed under a similar 
condition: (A-D) sample 1 without Tris acetate incubation, (E-H) sample 2 with Tris acetate incubation. 
FITC channel is for the streptavidin-fluorescein signal; Rodamine channel is for Alexa 546 signal on the 
biotin labeled DNA; and the two channel images are superimposed in the overlay channel. A) and E) are 
parts of a “I” pattern; B) and F) are parts of a horse head; C) and G) are parts of a horse body; D) and H) 
are parts of a horse leg. 
 
6.3.2.6.3. BSA blocking  
BSA is an innocent protein molecule widely used as a blocking agent in various protein 
microarray applications. For example, BSA is used as a blocking agent to prevent undesired 
nonspecific binding of antibody in a microcontact printing protein patterning study.[54] Its 
blocking effect has also been tested for the streptavidin arrays. Comparing the samples without 
(Figure 6.10, A-C) and with BSA blocking (2 µM BSA in 1X PBS buffer incubation for 60 min) 
(Figure 6.10, D-F), the sample with BSA blocking shows a lower efficiency of biotin DNA 
binding (lower intensity in rodamine channel).  
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The Ineffectiveness of this widely used protein blocking strategy here could be attributed 
to several unique experimental conditions in our experiments. For example, the blocking protein 
might denature; it will exchange with target binding protein during the incubation step; inability 
to expose the reactive groups on streptavidin for the following binding recognition, et. al.[60] 
 
 
Figure 6.10 Fluorescent images of comparison of BSA blocking effects (2 µM BSA in 1X PBS buffer, 
incubation for 60 min) prior to biotin DNA incubation on two samples printed under a similar condtion: (A-
C) sample 1 without BSA incubation, (D-F) sample 2 with BSA incubation. FITC channel is for the 
streptavidin-fluorescein signal; Rodamine channel is for Alexa 546 signal on biotin labeled DNA; and the 
two channel images are supoimposed in the overlay channel. A) and D) are parts of a “I” pattern; B) and E) 
are a horse foot; C) and F) are parts of a horse body.The cracks in the “I” pattern are surface modification 
(epoxide treatment) defects. 
 
As a summary, three different blocking agents (mPEG-amine, Tris-acetate and BSA) 
have been tested but the efficiency for biotin DNA binding after blocking appears low. Since the 
three blocking agents are of different size, the low binding efficiency may not be due to the nature 
of the blocking agents, but more likely due to poor surface immobilization chemistry which could 
not stand the extra incubation and washing steps. Stronger surface immobilization methods 
should be attempted. And no significant nonspecific bindings are observed in the streptavidin 
images, so no blocking step is used for all the streptavidin patterns.  
6.3.2.7. Au substrate instead of Si wafer to improve surface conductivity 
As E-jet printing requires at least moderate surface conductivity, various substrates with 
higher conductivity are tried for protein printing. For example, Streptavidin has been successfully 
printed on Au coated Si wafer surface, and nice patterns have been observed under optical 
microscope. However, due to the severe quenching effect from Au surface, no clear fluorescence 
images have been obtained. 
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6.3.3. Multiple fluorescent protein array printing 
Proteins with intrinsic fluorescence and proteins with fluorophore modifications are 
chosen to demonstrate multiplex patterning. Up to four-component arrays are fabricated with the 
component emissions fit the four channels (DAPI channel: Alexa 350 donkey anti mouse IgG 
secondary antibody, FITC channel: streptavidin-fluorescein and GFP, rodamine channel: 
mCherry fusion protein, and Cy5 channel: streptavidin-Cy5), according to the four channel 
excitation/emission wavelength ranges.  
6.3.3.1. Two-protein array 
In the two types of protein printing, two nozzles containing separate ink solutions 
perform printing tasks rotationally. Generally, the second nozzle is rotated to operate after the 
pattern assigned to the first type of protein is finished with the first nozzle (as shown in scheme 
6.1). As shown in Figure 6.11, alternating arrays and a heart pattern are defined With GFP and 
mCherry.  
 
 
Scheme 6.1. Single and multiple protein printing schemes: A) single protein printing (streptavidin for 
example, biotin and Alexa 546 labeled DNA is used to bind to the streptavidin pattern to confer 
fluorescence signal after printing; B) multiple protein printing using multiple nozzles with each nozzle 
contains a different protein ink (indicated by different colors). The array with protein 1 (green color) is 
printed through nozzle 1; then nozzle 2 is rotated to the position, and the array with protein 2 (red color) 
will be printed. 
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Figure 6.11 Fluorescent images of GFP and mCherry fusion protein arrays (FITC channel: GFP signal, 
rodamine channel: mCherry fusion protein signal and two channel signals overlay): A-B) alternating arrays; 
C) a heart pattern formed in an ordered array. 
 
6.3.3.2. Three-protein array  
As shown in Figure 6.12, vertical and diagonal alternating arrays and block arrays are 
printed with GFP, mCherry and streptavidin-Cy5. Especially in the block array (shown in Figure 
6.12B), GFP is printed into two diagonal blocks (left bottom and right top); mCherry is printed 
into two vertical blocks (on the left); streptavidin-Cy5 is printed into two horizontal blocks (at the 
bottom). Some visual defects are observed in the image. For example, weak fluorescence signal is 
also visible in the other two blocks unpatterned with GFP in FITC channel (top left and bottom 
right).  And similarly, weak fluorescence signal is visible in the bottom right block in Rodamine 
channel where no mCherry is patterned. This may be due to the synergic effects from the broad 
range of filter used for each channel and wide emission wavelength range of fluorophores. This 
normally happens when the excitation at short wavelength (FITC channel excitation) since it can 
also excite the other longer wavelength fluorophore (mCherry and streptavidin-Cy5) at lower 
efficiency. This kind of interference in the Cy5 channel image are not observed since this 
excitation energy cannot excite GFP and mCherry. 
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Figure 6.12 Fluorescent images of GFP, mCherry fusion protein and Cy5 streptavidin arrays (FITC 
channel: GFP signal, rodamine channel: mCherry fusion protein signal, Cy5 channel: Cy5 streptavidin 
signal and the overlay of the three channel signals): A) an alternating array; B) a block array; C) an 
alternating diagonal array. 
 
In order to avoid this interference, confocal fluorescence microscope (Leica SP2 confocal 
microscope) is used for observation since it has narrower filter bandpass, enabling us better 
separation of different channel signals. As shown in Figure 6.13, although the pattern “I” is 
visible under the confocal microscope, many ring fringes interfere with the pattern quality. This is 
because the substrate used in our experiment (Si wafer coated with a thin layer of SiO2 and then 
an epoxy layer ontop) has high reflection, interfering with the fluorescence detection. So the 
patterns printed on this type of substrate are not suitable for confocal microscope observation. 
 
 
Figure 6.13 Fluorescent images of streptavidin-fluorescein “I” pattern observed under the confocal 
fluorescence microscope: FITC channel indicates the streptavidin-fluorescein signal and rodamine channel 
indicates the biotin and Alexa 546 labeled DNA binding on the streptavidin. The bright and dark ring 
fringes appearing in both channel comes from the surface reflection. 
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6.3.3.3. Four-protein array  
As shown in Figure 6.14, four color fluorescent array images (an alternating array, an 
alternating diagonal array and a block array) are printed with proteins with four different emission 
properties (DAPI channel: donkey anti mouse IgG Alexa 350, FITC channel: streptavidin-
fluorescein, rodamine channel: mCherry fusion protein, and Cy5 channel: Cy5 streptavidin). Due 
to relative broad width of the channel filter sets, some leakage fluorescent signals are observable 
in other neighbour channel. For example, the leakage is rather obvious in the block array shown 
in Figure 6.14C. Referring to the overlay and individual channel images of the block array, the 
top left block is mCherry fusion protein (Rodamine channel); the top right block is streptavidin-
fluorescein (FITC channel); the lower left is streptavdin-Cy5 (Cy5 channel); the lower right is 
donkey anti mouse IgG Alexa 350 (DAPI channel). But in FITC channel image, we can also see 
the mCherry fusion protein signal appears at the top left. In Rodamine channel image, we can see 
the streptavidin-Cy5 signal shows up at the bottom left. In DAPI and Cy5 channel, there is no 
leakage from adjacent channels. Usually the block signal from leakage is weak, so it will not 
significant inferere with the orginal channel fluorescence. 
 
 
Figure 6.14 Fluorescent images of streptavidin-fluorescein, mCherry fusing protein, Cy5-streptavidin and 
donkey anti mouse IgG Alexa 350 (DAPI channel: donkey anti mouse IgG Alexa 350 signal, FITC channel: 
streptavidin-fluorescein signal, rodamine channel: mCherry fusion protein signal, Cy5 channel: Cy5 
streptavidin signal and the overlay of the four channel signals): A) an alternating array; B) an alternating 
diagonal array; C) a block array.  
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In addition to block arrays, more complicated patterns are also defined with four 
fluorescent proteins, such as a “three birds on a branch” pattern printed with donkey anti mouse 
IgG Alexa 350, mCherry fusion protein, streptavidin-fluorescein, streptavidin-Cy5, as shown in 
Figure 6.15. The overview of three birds on a branch was shown in the overlay image of Figure 
6.15A. The blue bird is printed with Alexa 350 labeled donkey anti mouse IgG; the red bird is 
printed streptavidin-Cy5; the green bird is printed with streptavidin-fluorescein; and the tree 
branch under the three birds is printed with mCherry fusion protein. Due to the relative 
fluorescent intensity difference among proteins, only the red bird is very clear while the blue bird, 
the green bird and the trea branch is vague. But the details of all three birds are observable if 
imaged individually using different exposure time.  As shown in Figure 6.15B, the details of the 
blue bird are observed clearly, corresponding to the position B in Figure 6.15A. The bird signal 
(donkey anti mouse IgG Alexa 350) is shown in DAPI channel and part of the branch signal 
(mCherry fusion protein) is shown in rodamine channel and last pannel is the overly of the two 
channels. And shown in Figure 6.15C, the red bird is observed clearly, corresponding to the 
position C in Figure 6.15A. The bird signal (streptavidin-Cy5) is shown in Cy5 channel and part 
of the branch signal (mCherry fusion protein) is shown in Rodamine channel and last pannel is 
the overly of the two channels. Due to the same leakage as mentioned previously, a weak bird 
pattern also shows up in Rodamine channel due to the streptavidin Cy5 signal leakage, but it is 
weaker than the orgianl Rodamine channel image (the branch). Shown in Figure 6.15D, the green 
bird is observable, corresponding to the position D in Figure 6.15A. The bird signal 
(streptavidin-fluorescein) is shown in FITC channel and part of the branch signal (mCherry 
fusion protein) is shown in Rodamine channel and last pannel is the overly of the two channels.  
153 
 
 
Figure 6.15 “Three birds on a branch” pattern printed with four fluorescent proteins (donkey anti mouse 
IgG Alexa 350, mCherry fusion protein, streptavidin-fluorescein, streptavidin-Cy5). A) Overview of three 
birds on a branch in the overlay image. B) enlarged image for the blue bird labeled at position B in Figure 
6.15A. The bird signal (donkey anti mouse IgG Alexa 350) is shown in DAPI channel and part of the 
branch signal (mCherry fusion protein) is shown in rodamine channel; the last pannel is the overly of the 
two channels; C) enlarged image for the red bird labeled at position C in Figure 6.15A. The bird signal 
(streptavidin-Cy5) is shown in Cy5 channel and part of the branch signal (mCherry fusion protein) is 
shown in rodamine channel; the last pannel is the overly of the two channels; D) enlarged image for the 
green bird labeled at position D in Figure 6.15A. The bird signal (streptavidin-fluorescein) is shown in 
FITC channel and part of the branch signal (mCherry fusion protein) is shown in rodamine channel; the last 
pannel is the overly of the two channels. 
 
6.3.4. Antibody array printing 
Microarray technique is a very useful platform for multiple parallel screenings with very 
small amounts of sample consumption. For the application of genome sequencing, DNA or 
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mRNA array are used to screen the genomic expression levels. Proteins are translated from 
mRNA and might have posttranslational modifications, so protein microarrays might be effective 
to detect protein expression levels. Protein microarrays are also useful for detection of other type 
of protein interactions, such as protein-DNA, substrate-enzyme, antibody-antigen and protein-
protein interactions.[61-62] Especially protein microarrays for immunoassays (antibody 
microarrays) are of particular interest for diagnostic purposes. Antibody is a “Y” shape protein 
molecule, serving as a body defender in the immune system to identify and fight against the 
foreign molecules. Each antibody is highly specific for its target antigen. Antibody is also called 
immunoglobulin. There are five isotopes of immunoglobulin (Ig), IgA, IgD, IgE, IgG, and IgM.  
Among them, IgG is the major immunoglobulin to generate immunity response. Its molecular 
weight is about 150 kDa, much bigger than the proteins that have been demonstrated with E-jet 
printing method, such as streptavidin, GFP and mCherry. Here the interaction between the 
primary antibody (IgG) and secondary antibody (anti IgG) is used for specific recognition. The 
antibody that directly binds to its target antigen (a protein, peptide, carbohydrate or other small 
molecules) is called primary antibody. A secondary antibody is another antibody that can bind to 
primary antibody. 
6.3.4.1. Single antibody printing  
6.3.4.1.1. Mouse IgG printing 
Different concentrations of mouse IgG for printing have been tested to obtain an optimal 
conditon. First 1 µM mouse IgG is used for printing. A two-step incubation procedure (as shown 
in Scheme 6.2) is used: 1) 5.5 mg/mL BSA (1X PBS buffer, pH 7.4) blocking for 17 min and 2) 1 
µM donkey anti mouse IgG Alexa 350 (secondary antibody) incubation for 64 min. The washing 
and drying steps are adopted after passivation and incubation. As shown in Figure 6.16A, three 
patterns (I, butterfly and flower) are relative clear. In order to further improve the fluorescent 
intensity, a higher concentration of secondary antibody (2 µM) is used for incubation with the 
same two-step incubation. In this case, the pattern quality has not been dramatically improved (as 
shown in Figure 6.16B). Then the concentration of the secondary antibody is increased to 4 µM 
with the same two-step incubation. However, no clear patterns are observed, which is probably 
due to the strong background fluorescence reducing the contrast, when excess Alexa 350 labeled 
donkey anti mouse IgG binds nonspecifically to the unpatterned area. From these series of 
experiments, it is found that extra amount of donkey anti mouse IgG Alexa 350 does not help 
improve the fluorescent signal of the pattern, but affect the pattern since the background 
fluorescence is also increased. As a result, 1:1 ratio of primary antibody/secondary antibody is 
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used for later experiments. Actually even with 1:1 ratio, the donkey anti mouse IgG Alexa 350 
amount is still in large excess because the total volume of printed droplets is much smaller than 
that of the incubation solution (30 µL).  
 
 
Scheme 6.2 The scheme of the two-step incubation procedure for antibody detection (take mouse IgG as an 
example, 2 µM): 1) 5.5 mg/mL BSA (1X PBS buffer) blocking for 10-20 min, 2) 2 µM donkey anti mouse 
IgG Alexa 350 (1X PBS buffer) incubation for 20-60 min. After passivation and incubation, the substrate is 
washed with 4-5 mL Millipore water and dried with air. 
 
Then the amount of mouse IgG and of donkey anti mouse IgG Alexa 350 is doubled (2 
µM for each), following with the two-step incubation step. However, only very weak pattern 
signal is observed. In the previous streptavidin printing, it is found that blocking step prior to 
biotin labeled DNA may affect the later DNA binding efficiency. Then one-step incubation 
without BSA blocking is tried. As shown in Figure 6.16C, the pattern printed with 2 µM mouse 
IgG was incubated with 2 uM donkey anti mouse IgG Alexa 350 for 61 min. In this case, very 
clear patterns are observed, albeit there are a lot of bright spots around the printed patterns. The 
bright spot may be the nonspecific binding of an aggregation of Alexa 350 labeled donkey anti 
mouse IgG on the surface. These bright defects are not observed in the streptavidin and biotin 
labeled DNA case. Probably it is due to the different functional groups in the structures of 
proteins and DNAs. The printing substrate contains amine reactive epoxy groups. Amino acids, 
the building blocks for proteins, contain a lot of primary amine while DNA contains much fewer 
primary amines. As a result, proteins tend to have more nonspecific binding with the epoxy 
surface. Controlling the secondary antibody incubation time is one of the key parameters to 
suppress the nonspecific binding. Longer incubation time leads to higher binding efficiency and 
stronger fluorescent signal, but also increases the background fluorescence, sacrificing the 
contrast. Based on this reasoning, secondary antibody incubation time is shortened from 60 min 
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to 20 min.  Mouse IgG (2 µM) is printed and incubated with donkey anti mouse IgG Alexa 350 (2 
µM) for 20 min. As shown in Figure 6.16D, clear patterns are still observable with such a short 
incubation time period. However, the bright defects remain. Nonetheless, from this result, it is 
found that primary antibody and secondary antibody recognition is very fast, comparable to 
streptavidin and biotin DNA recognition (20 min is enough to get a good binding). In addition, 
simply shortening the secondary antibody incubation time is proven not enough to get rid of all 
the nonspecific binding. Other strategies are still needed. 
 
 
Figure 6.16 Fluorescent images of antibody microarrays of mouse IgG and the donkey anti mouse IgG 
Alexa 350 udner different incubation conditions: A) the concentration of the mouse IgG is 1 µM and a two-
step incubation is used: 1) 5.5 mg/mL BSA (1X PBS buffer, pH 7.4) blocking for 17 min. 2)  1 µM Alexa 
350 labeled donkey anti mouse IgG incubation for 64 min. Washing and drying steps are included after 
passivation and incubation. B) The concentration of the mouse IgG is 1 µM and a two-step incubation is 
used: 1) 5.5 mg/mL BSA (1X PBS buffer, pH7.4) blocking for 17 min and 2)  2 µM Alexa 350 labeled 
donkey anti mouse IgG incubation for 63 min. C) The concentration of the mouse IgG is 2 µM and an one-
step incubation is used (2 µM Alexa 350 labeled donkey anti mouse IgG incubation for 61 min). D) The 
concentration of mouse IgG is 2 µM and an one-step incubation is used (2 µM Alexa 350 labeled donkey 
anti mouse IgG incubation for 20 min). 
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6.3.4.1.2. Rabbit IgG printing 
In addition to mouse IgG, rabbit IgG, is also patterned with this technqiue. As shown in 
Figure 6.17A, rabbit IgG (2 µM) is printed and incubated with goat anti rabbit IgG Alexa 546 (2 
µM) for 65 min. The printed patterns are visible but not very sharp. Especially for the “I” pattern, 
only a few bright dots appear at the right corner of the bottom “I” while the other dots are dark. 
Probably some proteins are denatured during the printing process or removed during the 
incubation and washing steps, suggesting shorter incubation time might improve the image 
quality. Then Rabbit IgG (2 µM) is printed and incubated with goat anti rabbit IgG Alexa 546 (2 
µM) for 40 min. As shown in Figure 6.17B, the patterns are very clear and all the dots inside the 
printed patterns are bright, indicating both the printing and incubation did not affect the 
functionality of the antibodies. But still there are a few bright spots due to nonspecific binding. 
As shown in mouse IgG printing results, 20 min incubation is already enough for primary and 
secondary antibodies binding but not good enough to completely remove the nonspecific binding 
bright spots. Another thing to try is to reduce the epoxy surface treatment time. As we noticed in 
the previous experiments, if the epoxy surface treatment increases from 5 hours to 24 hours, the 
immobilization efficiency will increase dramatically. It might be possible to further suppress the 
nonspecific binding bright spots by reducing the epoxy surface treatment time. Since the target 
incubation is always carried out 20 hours after printing to let the printed pattern have enough time 
to bind to the epoxy surface; even the epoxy surface treatment is shortened, the printed primary 
antibody should still have much longer time (20 hours) to react with the epoxy surface than the 
incubated secondary antibody (20-60 min). In this case, nonspecific binding is expected to be 
further reduced while the printed primary antibody still binds strongly enough to the surface. Two 
surfaces with shortened epoxy treatment (6 hours) are prepared. For comparison, one surface is 
with BSA blocking and the other is without BSA blocking. As shown in Figure 6.17C, rabbit 
IgG (2 µM) is printed and incubated with goat anti rabbit IgG Alexa 546 (2 µM) for 22 min. The 
dots inside the printed patterns are bright but the contrast of the whole pattern is not very sharp, 
partially due to the high background fluorescence. As shown in Figure 6.17 D, rabbit IgG (2 µM) 
is printed and a two-step incubation is used: 1) 5.5 mg/mL BSA blocking for 10 mins 2) 2 uM 
goat anti rabbit IgG Alexa 546 incubation for 20 min. Due to a printing problem, only one “I” 
pattern is visible (the dim bottom of the “I” pattern is also due to the printing problem). But the 
inside dots are much brighter than what shown in Figure 6.17C and the nonspecific binding 
bright spots are fewer. As a result, simply reducing the secondary antibody incubation time and 
epoxy surface treatment time is not effective to remove all the nonspecific binding bright spots, 
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but BSA blocking step definitely provides sharper image and less nonspecific binding. For the 
future protein array, still 20 hours of epoxy surface treatment is used.  
 
 
Figure 6.17 Fluorescent images of antibody microarray of rabbit IgG and Alexa 546 labeled goat anti 
rabbit IgG at different incubation conditions: A) the concentration of the rabbit IgG is 2 µM and incubated 
with 2 µM Alexa 546 labeled goat anti rabbit IgG for 65 min; B) the concentration of the rabbit IgG is 2 
µM and incubated with 2 µM Alexa 546 labeled goat anti rabbit IgG for 40 min; C) the concentration of the 
rabbit IgG is 2 µM and incubated with 2 µM Alexa 546 labeled goat anti rabbit IgG for 22 min on a 
substrate for 6 hour epoxy treatment; D) the concentration of the rabbit IgG is 2 µM and a two-step 
incubation is used on a substrate for 6 hour epoxy treatment: 1) 5.5 mg/mL BSA blocking for 10 min, 2) 2 
µM Alexa 546 labeled goat anti rabbit IgG incubation for 20 min. 
 
6.3.4.1.3. Human IgG printing 
In addition to mouse and rabbit IgG, human IgG is also tested for specificity with its 
secondary antibody, Alexa 488 labeled goat anti human IgG. A two-step incubation is adopted: 1) 
passivation with 5.5 mg/mL BSA solution for 20 min, 2) incubation with 2 µM goat anti human 
IgG Alexa 488 incubation for 40 min. As shown in Figure 6.18, different patterns (rose, parrot, 
alternating array, diagonal alternating array and block array) are included. Many bright binding 
dots are observable in the printed patterns with few surface defects, indicating 20 min BSA 
blocking time is effective to suppress the nonspecific binding.  
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Figure 6.18 Fluorescent images of antibody microarray of human IgG and Alexa 488 labeled goat anti 
human IgG with a two-step incubation condition: 1) 5.5 mg/mL BSA blocking for 20 min, 2) 2 µM Alexa 
488 labeled goat anti human IgG incubation for 40 min. Normal washing and drying steps are included 
after the passivation and incubation. Different patterns are included: A) a rose, B) top part of a parrot, C) 
bottom part of a parrot, D) an alternating array, E) a diagonal alternating array and F) a block array.   
 
6.3.4.2. Multi-component protein (including antibody) functional array  
6.3.4.2.1. Streptavidin and mouse IgG printing  
After the multi-component protein array has already been demonstrated with fluorescent 
protein, multi-component protein functional array becomes the next target. Firstly, Streptavidin 
and mouse IgG are printed on the same substrate, and a sequential incubation procedure is 
adopted (without BSA blocking). Since the observed fluorescent signal is normally stronger for 
Alexa 546 than that of Alexa 350, the co-printed substrate is incubated with biotin labeled DNA 
first and then with incubated secondary antibody. In this case, the streptavidin and Alexa 546 
DNA signal are strong enough to survive the two incubation and washing steps. After both 
incubation steps, washing and drying steps are necessary. Streptavidin (1 µM) is incubated with 
biotin labeled DNA Alexa 546 (4 µM, in 500 mM NaCl and 1X PBS buffer, pH 7.4) for 26 min. 
Mouse IgG (2 µM) is incubated with donkey anti mouse IgG Alexa 350 (2 µM, in 1X PBS buffer, 
pH 7.4) for 64 min. The Alexa 546 and the Alexa 350 fluorescent signals are shown in rodamine 
and DAPI channels, respectively. The two channel images are superimposed in the overlay panel. 
As shown in Figure 6.19, different patterns are printed: an alternating, a diagonal alternating, and 
a block array. Signals in both channels are observable, indicating that the proteins can be strongly 
immobilized on the surface using the current epoxy treatment condition. Although the 
streptavidin array has been first incubated with biotin and Alexa 546 labeled DNA and withstand 
two incubation and two washing steps, the Alexa 546 signals on the DNA bound onto the printed 
streptavidin patterns are still clearly observed. The streptavidin-biotin interaction and primary 
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antibody-secondary antibody interaction maintain their original specificities with no cross 
reaction observed. However, there are several bright spots around the printed patterns due to the 
nonspecific binding, especially in the DAPI channel. Further efforts will be focused on 
minimizing these defective spots. 
 
 
Figure 6.19 Fluorescent iamges of streptavidin and mouse IgG microarray: A) an alternating array; B) a 
diagonal alternating array; C) a blocking array. The coprinted substrate with incubated with biotin labeled 
DNA first and then with incubated secondary antibody. Streptavidin (1 µM) is incubated with biotin and 
Alexa 546 labeled DNA (4 µM, in 500 mM NaCl and 1X PBS buffer, pH 7.4) for 26 min. Mouse IgG (2 
µM) is incubated with Alexa 350 labeled donkey anti mouse IgG (2 µM, in 1X PBS buffer, pH 7.4) for 64 
min. Normally washing and drying steps are included after both incubation processes. The Alexa 546 and 
The Alexa 350 fluorescent signals are shown in the rodamine and DAPI channels, respectively. And the 
two channel images are overlapped in overlay panel.  
 
The other incubation order with Alexa 350 labeled donkey anti mouse IgG first and then 
biotin and Alexa 546 labeled DNA, is also tested to see which one gives better result. Mouse IgG 
(2 µM) and streptavidn (1 µM) are printed on the same substrate, incubated with donkey anti 
mouse IgG Alexa 350 (2 µM, in 1X PBS buffer, pH 7.4) for 61 min and then with biotin and 
Alexa 546 labeled DNA (4 µM, in 500 mM NaCl and 1X PBS buffer, pH 7.4) for 27 min. No 
BSA blocking is used and normal washing and drying are included after both incubation 
processes. The fluorescent signals of Alexa 350 and Alexa 546 are shown in DAPI and rodamine 
channels, respectively. The two channel images are superimposed in overlay panel. Different 
161 
 
printed patterns are shown in Figure 6.20: an alternating array, a diagonal alternating array and a 
blocking array. The images obtained following this incubation order are not as good as the 
previous results using biotin and Alexa 546 labeled DNA first. Here, most images are vague and 
the dots of some lines are very dark. As shown in the alternating array (Figure 6.20A),  the dots 
in two alternating line arrays are observed in the rodamine channel. The dots in one of the line 
arrays appear brighter and smaller, while the dots in the other line arrays are dimmer and bigger. 
And the brighter and smaller dots present in both DAPI and Rodamine channel at the same 
position. It looks as if there is a cross reactivity between streptavidin-biotin and primary 
antibody-secondary antibody binding, which is not observed using the opposite incubationorder. 
Here, it is difficult to distinguish which line is streptavidin and which line is mouse IgG antibody. 
But after a close scrutinization of Rodamine and overlay channel images, it is found that the line 
of dimmer and bigger dots shows weak fluorescence in overlay channel (false colored in organge). 
So it is deduced that the lines of dimmer and bigger dots are streptavidin dots while the lines of 
brighter and smaller dots are mouse IgG dots. The swelling of streptavidin spots may be cuased 
by the fact that many printed streptavidins are removed during the long incubation of secondary 
antibody or the strptavidins binding efficienciy is reduced. Those results consistently suggest that 
if extra incubation steps are introduced before biotin and Alexa 546 labeled DNA incubation, the 
printed streptavidin might have a lower binding efficiency towards biotin DNA afterwards.  The 
reason for the overlaping position of the line of mouse IgG dots (brighter and smaller) in both 
Rodamine and DAPI channel is not due to the cross reactivity between streptavidin-biotin and 
primary antibody-secondary antibody pairs but due to a nonspecific binding. After the first 
incubation, secondary antibody binds onto the primary antibody, and the surface height profile 
changes since the height of the location where two antibody bind is higher than surrounding 
location. The dimentions of Y-shape antibody IgG are 14.5 nm in height, 8.5 nm in width, and 4.0 
nm in thickness.[6] Nonspecific binding of biotin DNA might happen at those locations, 
increasing fluorescent signal in Rodamine channel.  
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Figure 6.20 Fluorescent images of streptavidin and mouse IgG microarray: A) an alternating array; B) a 
diagonal alternating array; C) a blocking array. The coprinted substrate was first incubated with secondary 
antibody first and then with incubated biotin labeled DNA. Normal washing and drying steps are included 
after each incubation process. Mouse IgG (2 µM) is incubated with Alexa 350 labeled donkey anti mouse 
IgG (2 µM, in 1X PBS buffer, pH 7.4) for 61 min. Streptavidin (1 µM) is incubated with biotin and Alexa 
546 labeled DNA (4 µM, in 500 mM NaCl and 1X PBS buffer, pH 7.4) for 27 min. The Alexa 350 and the 
Alexa 546 fluorescent signals are shown in DAPI and rodamine channels, respectively. The two channel 
images are overlapped shown in overlay panel. 
 
6.3.4.2.2. Mouse IgG and rabbit IgG printing 
There are several drawbacks about sequential incubation. 1) If the substrate is not washed 
thoroughly after the first incubation, the salt or dust residual will serve as a center for nonspecific 
binding during the second incubation; 2) the amount of the bound target of the first incubation 
will be decreased during the second incubation and wahsing steps; 3) the amount of surface 
immobilized protein for second incubation will be decreased during the first incubation, so less 
target will bind as well. In addition to sequential incubation,  coincubation is another incubation 
method, applying the mixture of both targets together, which is mimic of real mixture sample of 
array detection. During the coincubation, both species of IgG get access to react with its target at 
the same time for the same time duration, and the problem of nonspecific binding at the locations 
of salt residue is minimized. The schemes of both incubation methods are shown in Scheme 6.3. 
A mouse and rabbit IgG coprinted sample is treated with this coincubation method. A two step-
incubation step is used: 1) passivation with 5.5 mg/mL BSA (1X PBS) solution for 20 min; 2) 
incubation with a mixture of two secondary antibodies (2 µM for each in 1X PBS) for 40 min. 
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After each incubation steps, the substrate was washed with 4-5 mL millipore water and air dried. 
The fluorescence signals for Alexa 350 labeled donkey anti mouse IgG and Alexa 546 labeled 
goat anti rabbit IgG are shown in DAPI and rodamine channels, respectively. An Alternating, a 
diagonal alternating and a block array are shown in Figure 6.21. Take the alternating array 
(Figure 6.21A) as an example, the two IgG binding specificies are maintained and the image 
intensity is strong without significant interference of the nonspecific binding defects since BSA 
blocking is added. A better image quality is provided by coincubation method.  
 
 
Figure 6.21 Fluorescent images of mouse and rabbit IgG (2 µM for each) microarray. Their secondary 
antibodies Alexa 350 labeled donkey anti mouse IgG and Alexa 546 labeled goat anti rabbit IgG are used 
for incubation. A two step-incubation step is used: 1) passivation with 5.5 mg/mL BSA (1X PBS) solution 
for 20 min; 2) incubation with a mixture of two secondary antibodies (2 µM for each in 1X PBS) for 40 
min. After each incubation steps, the substrate was washed with 4-5 mL millipore water and dried with air. 
The fluorescent signal of Alexa 350 and Alexa 546 are shown in DAPI and rodamine channels, respectively. 
The images of the two channels are combined in the overlay channel. Various patterns are presented here: 
A) an alternating array; B) a diagonal alternating array; C) a block array.  
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Scheme 6.3 Two incubation strategies of multiple protein functional array (take streptavidin (1 µM) and 
mouse IgG (2 µM) array as an example): A) sequential incubation: first incubation with 4 µM biotin and 
Alexa 546 labeled DNA for streptavidin binding for 20-30 min and then second incubation with 2 µM 
Alexa 350 labeled donkey anti mouse IgG for mouse IgG binding for 40-60 min; B) coincubation: 
simultaneous incubation with a mixture of both biotin and Alexa 546 labeled DNA (4 µM) and Alexa 350 
labeled donkey anti mouse IgG (2 µM) for both proteins for 40 min. For both incubation strategies, BSA 
blocking step is included to reduce the nonspecific binding of fluorophore labeled target protein onto the 
epoxy surface. And after each incubation process, the substrate is washed with 4-5 mL Millipore water and 
dried with air. 
 
6.3.4.2.3. Mouse IgG, rabbit IgG and human IgG printing  
Mouse IgG, rabbit IgG and human IgG are printed together to make a three-component 
antibody array. The fluorescence signals for Alexa 350 labeled donkey anti mouse IgG, Alexa 
546 labeled goat anti Alexa 488 labeled rabbit IgG and goat anti human IgG are shown in DAPI, 
Rodamine and FITC channels, respectively. Several patterns (a peacock, a sunflower, an 
alternating array and a diagonal alternating array) are presented in Figure 6.22. Take the peacock 
pattern shown in Figure 6.22A as an example, the peacock body was printed using mouse IgG 
(blue pattern in DAPI channel); while the main part of its feather and its feet are printed with 
rabbit IgG (orange pattern in Rodamine channel); and the patches decorations on the feather are 
printed with human IgG (green pattern in FITC channel). The combination pattern is shown in the 
overlay panel. The overall images look very good except the signal from the Alexa 350 in the 
DAPI channel is relatively weak. Similarly, in the sunflower pattern shown in Figure 6.22B, the 
center of the flower is printed with mouse IgG (blue pattern in DAPI channel). The crown of the 
flower is printed with rabbit IgG (orange pattern in the Rodamine channel). The leaf is printed 
with human IgG (green pattern in the FITC channel). The majority part of the sunflower pattern 
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looks great; however, the right corner appeared too bright, maybe due to some nonspecific 
binding.  
 
 
Figure 6.22 Fluorescent images of mouse, human and rabbit IgG microarray. Their secondary antibodies 
are Alexa 350 donkey anti mouse IgG, Alexa 488 goat anti human IgG and Alexa 546 goat anti rabbit IgG 
with the fluorescent signals in DAPI, FITC and rodamine channel respectively. The fluorescent signals 
from the three individual fluorescent channel are combined in the overlay channel. Three IgGs (2 µM for 
each one) are printed on to the epoxide surface. After printing, a two-step incubation process is used: 1) 
passivation with 5.5 mg/mL BSA (1X PBS) solution for 20 min; 2) incubation with a mixture of three 
secondary antibodies (2 µM for each one) for 40 min. After each step, the substrate was washed with 4-5 
mL Millipore water and dried with air. Four patterns are presented here: a peacock, a sunflower, an 
alternating array and a diagonal alternating array.  
 
6.3.5. Large area printing  
To evaluate a printing technique, key criterions include spatial resolution, printing speed 
and overall coverage dimension and so on. As the streptavidin printing with 500 nm nozzle has 
been successfully demonstrated to fulfill the investigation on the spatial resolution, it is 
worthwhile to test whether this printing technique can achieve a large area printing, such as, inch 
by inch size dimension in a reasonable timescale. For this purpose, fast speed pulse printing is 
used. Different fluorescent proteins (BSA-FITC (home labeled), streptavidin fluorescein and 
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streptavidin Cy5) have been tested on different substrates, such as bare Si, SiO2 deposited on Si, 
and epoxy coated on SiO2/Si (Si wafer was first deposited with a thin SiO2 layer, around 100 nm, 
and then an epoxy layer is coated on top of the SiO2 layer). For the images printed on Si surface, 
some parts are invisible (Figure 6.23A), since heavily doped semi-metallic Si substrate can 
quench fluorescence to make the signal weak. And for the patterns printed on SiO2 deposited on 
Si surface, some contour dots spread to an oval shape, which is probably because the SiO2 surface 
is too hydrophilic and the ink droplets are easy to spread (Figure 6.23B). Among them, epoxy 
coated SiO2/Si surface is chosen because it does not have the two aforementioned issues. In order 
to get the best imaging quality, the contour dots are intentionally enlarged by increasing the 
stopping time while the inside dots remain the same. In this case, the contour of an overall pattern 
is visible under a low magnification. Mosaic function on the fluorescence microscope is used to 
take several tiles of images with spatial position automatically controlled. After several tests, 
printing conditions are optimized for 2 µm nozzle and an inch sized horse pattern is printed with 
Cy5-streptavidin on epoxy coated SiO2/Si surface within less than 20 min. As shown in Figure 
6.24-6.26, the contour of a horse pattern is observed under low magnification while inside dot 
spacing homogeneity is visible under higher magnification in majority areas of the pattern.  
 
 
Figure 6.23 Fluorescent images of parts of Inch sized horse patterns printed with streptavidin-fluorescein 
through 2 µm nozzle on different substrate: A) one of the horse front hooves pattern on bare Si wafer. 
However, the majority of the inside dots are invisible; B) one part of the horse tail pattern on SiO2 
deposited on Si wafer.  Although the inside dots are clearly disernable, some of the contour dots spread into 
large oval shapes. 
 
A successful horse pattern was demonstrated with Cy5-streptavidin printing (5 µM). The 
front part of the horse is shown in Figure 6.24. The coutour of the horse is printed with large dots 
in order to observe the overall horse pattern under the fluorescence microscope with a low 
magnification (2.5X). And the inside part of the horse is printed with small dots arrays (diameter 
less than 10 µm), which is difficult to see under such low magnification. The inset shown on the 
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right cornor is the scheme of the horse design.  The head of the horse is enlarged in a blue box 
(shown in Figure 6.24A) and one front leg is enlarged in another blue box (shown in Figure 
6.24B) with a medium magnification of 10X. The higherly ordered inner dots can be roughly seen 
at this magnification. Both the dot diameter and the interdots spacing are well controlled and the 
dots are distrubuted homogeneously over a large area.   
 
Figure 6.24 Fluorescent images of the front half of the inch sized horse printed with streptavidin-Cy5 
through 2 µm nozzle, which is observed under 2.5X magnification. The inset shown on the upper right 
coner is the scheme of the horse design for the printing. Two blue square indicated the area on the printed 
horse to be observed under 10X magnification: A) the horse head area; B) one of the horse front legs. In the 
zoom-in images, the small dots inside the horse body are visible with well controlled dot diameter and 
interdot spacing homogeneity. 
 
The other half of the inch sized horse is shown in Figure 6.25. The countour dots outline 
the shape of the back half of the horse and two local details are enlarged in two blue boxes. The 
horse tail is enlarged and shown in Figure 6.25A and two back legs are enlarged and shown in 
Figure 6.25B. The highly ordered inner dots are roughly observed in these two enlarged areas.  
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Figure 6.25 Fluorescent images of the back half of the inch sized horse printed with streptavidin-Cy5 
through 2 µm nozzle observed under 2.5X magnification. The inset shown on the upper right coner is the 
designed horse scheme for the printing. Two blue square indicated the area on the printed horse to be 
enlarged under 10X: A) the horse tail area; B) one part near the knees of the horse two back legs. In the 
zoom-in images, the small dots inside the horse body are visible with well controlled dot diameter and 
interdot spacing homogeneity. 
 
In order to observe clearer image of the inner dots, the horse head pattern shown in 
Figure 6.26A was further magnified in Figure 6.26B and Figure 6.26C. At the highest 
magnification (20X), the inner dots, which are highly homogeneous and well ordered, are 
disernable. 
 
 
Figure 6.26 Fluorescent images of the enlarged horse head for inch sized horse patterns. A) The horse head 
(10X magnification): an area near the horse mouth in a blue square indicates the area for further enlarge-
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(Figure 6.26 cont.) ment shown in B; B) Enlarged horse mouth area in the blue square in A (10X 
magnification): an area near the horse mouth in a blue square indicates the area for further enlargement 
shown in C; C) Enlarged horse mouth area in the blue square in B (20X magnification). 
 
From those images taken at both high and low magnification, it is proven that the large 
scale protein printing can be realized at a high speed with well controlled spatial details.  
 
6.4. Conclusion 
In conclusion, E-jet printing has been applied to pattern several proteins, such as 
streptavidin, fluorescent proteins (GFP and mCherry) and antibodies (IgG), for functional protein 
array fabrication. Epoxysilane is used to enhance the protein attachment onto the surface to 
withstand the solution based processes (incubation, washing, et. al.) for the detection purpose. 
The printed streptavidin and antibody arrays can bind biotin labeled DNA and secondary anti IgG 
antibodies, respectively, successfully demonstrating that the printed proteins are still functionally 
active. Furthermore, multiple protein arrays are realized by multiple nozzle printing system, 
especially for streptavidin and antibodies (IgG), which can maintain the specific binding 
recognition with their targets. In addition to successful printing demonstrations with a 2 µm 
nozzle, higher printing resolution has been achieved by adopting smaller nozzles with lower 
printing maximum voltage. Up to now, streptavidin printed with a 1 µm nozzle can yield very 
good binding capability with biotin labeled DNA. In the case of the streptavidin printed with a 0.5 
µm nozzle, the printed streptavidin can still bind with biotin labeled DNA, but optimizations are 
needed to improve the image quality. Large area printing has also been demonstrated. A horse 
pattern covering about 1 inch by 1 inch dimension can be printed in 15 min with well controlled 
fine dot diameter and inter-dot spacing. In summary, E-jet printing has been proven to be a 
powerful method suitable for protein microarray fabrications. 
6.5. Future direction  
6.5.1.  Quantification of protein activity after printing  
It is reported that peroxidase arrays generated by inkjet printing might suffer from a loss 
in activity.[37] And it is suggested that the shear force under pressure or heat generation might 
cause the protein damage. However, the debate has not been settled down. In another glucose 
oxidase inkjet printing study, although there is small percentage of activity loss (less than 30%), 
no significant protein structural denaturation has been observed.[36] E-jet printing has the similar 
orifice droplet formation mechanics, and it depends on the electrical field and small degree of 
pressure to help the meniscus formation. One of the concerns for E-jet protein printing is the loss 
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of protein activity during printing process. But one major issue to prevent a reasonable evaluation 
of the activity loss for E-jet process is that the volume consumption is very small, not easy to find 
a fair comparison with other methods. For example, we have tried to compare the fluorescence 
intensity of fluorescent protein droplets generated by pipetting, E-jet nozzle under pressure 
without electrical field and E-jet nozzle under normal printing condition (with both pressure and 
electrical field). However, the sizes and intensities of the droplets from three kinds of generation 
processes are dramatically different and not suitable for comparison.  
There might be several challenges in realizing the quantification. But theoretically, it is 
achievable to use the following procedure. Suppose we could choose a protein enzyme (such as 
Horseradish peroxidase (HRP) which can produce a fluorescent product) and accumulate printed 
enzyme to a large amount (around 10 µL), add the substrate for this enzyme and measure the 
fluorescence intensity F1 from the printed protein. On the other hand, we also need to estimate the 
volume of printed enzyme and pipette the enzyme to react with the same amount of substrate to 
get fluorescence intensity F2. Finally we can calculate the ratio of F1 to F2 to get a rough idea of 
the percentage of enzyme activity remained.  
6.5.2. Use various linkers targeting for different functional groups to achieve protein 
selective binding  
By using an E-beam lithography method, proteins with different functional groups, such 
as biotin binding sites, a free cysteine, an N-terminal alpha-oxoamide, and a histidine tag can be 
recognized by different linkers (biotin, maleimide, aminooxy, or nitrilotriacetic acid 
correspondingly) patterned on the surface.[34] Following the similar idea, we can employ the 
linkers with several functional groups to test multi-component protein arrays using E-jet printing 
method since this method is faster and easier for multi-component array patterning than E-beam 
lithography method.  
6.5.3. Study DNA aptamer and protein interaction  
Firstly, DNA aptamers (such as thrombin aptamer) are printed on the surface, and then 
the aptamer capability for capturing the protein target is tested. Aptamer is a single strand 
nucleotides (either DNA or RNA) which can bind to a specific target with high specificity and 
affinity. The target molecules can vary from small molecules, to proteins, virus and even the 
whole cell. The recognition between the protein and its specific aptamer has been utilized to 
fabricate protein arrays. For example, platelet-derived growth-factor-BB and thrombin arrays 
have been produced based on their respective aptamer arrays using bias-assisted atomic force 
microscopy nanolithography method.[63] Compared with this dip-pen method, E-jet printing 
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method is faster, easy to operate and easy to change protein inks. In addition, it  has been proved 
that an adenosine DNA aptamer can maintain its functionality after E-jet printing process.[47] It 
might be interesting to generate a DNA aptamer array and then further convert to a target protein 
array with the recognition by its aptamer.  
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CHAPTER 7 
FLUORESCENCE RESONANCE ENERGY TRANSFER STUDY ON GR_5 Pb
2+
 
DNAZYME 
7.1. Introduction 
For protein enzymes and ribozymes, the versatile functions as scaffold support, signal 
transduction and enzymatic catalysis, are related to their three dimensional structures. Since the 
early 1990s, aptamers, which are DNA or RNA with binding capabilities, have been obtained by 
in vitro selection method (or Systematic Evolution of Ligands by Exponential Enrichment, 
SELEX).[1-2] Later DNAzymes (or catalytic DNA)[3-5] have been obtained by using this 
method.[6-8] A special class of DNAzymes are metal ion responsive DNAzymes. Up to now, 
many metal ion specific DNAzymes have been obtained, such as Pb
2+
,[9] Mg
2+
,[10] Ca
2+
,[11-12] 
Cu
2+
,[13] Zn
2+
,[14] Mn
2+
,[15] UO2
2+
,[16] and Hg
2+
.[17] A lot of sensors have been designed 
based on these metal ion specific DNAzymes for heavy metal ion detection in the drinking 
water.[18]  
Intensive research is focus on the mechanism of this special type of DNA molecule which 
carries out catalytic function beyond its canonical genetic material role.  In addition, metal ions 
have been found important to activate the catalytic functions of many ribozymes. Due to the 
similarity of ribozyme and DNAzyme, it is reasonable to expect metal ions also play an important 
role in the functions of those metal ion dependent DNAzymes. For example, Pb
2+
 is found to 
interact with nucleotides following an affinity order: guanine–N7(O6) ≥ cytosine–N3(O2) ≥ 
R'OP(O)2-OR(phosphate-diester bridge) ≥ adenine > uracil ≈ thymine.[19] In order to unveil the 
mechanisms of DNAzyme functions and investigate the metal ion and DNAzyme interaction, 
many kinds of structure characterization methods are utilized, such as x-ray crystallography,[20] 
fluorescence resonance energy transfer (FRET),[21-25] photo-crosslinking[26] and so on. In 
addition, nuclear magnetic resonance (NMR)[27-28] and electron paramagnetic resonance 
(EPR)[29] have been used to obtain the structural information of many ribozymes. But it is 
relatively difficult to get a crystal structure and the NMR and EPR spectra are tricky to interpret. 
On the other hand, FRET method is easy to realize and the data analysis is more straight-forward, 
so it is chosen to study the DNAzyme structures for our purpose.  
FRET method has already been applied to study the metal ion induced conformational 
change for two DNAzymes, Pb
2+
 DNAzyme 8-17 [21-25] and UO2
2+
 DNAzyme 39E. The folding 
schemes of the two DNAzymes are shown in Figure 7.1. The result of Pb
2+
 DNAzyme 8-17 
reveals that the most active metal ion Pb
2+
 does not require a global folding prior to cleavage 
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reaction while the other less effective metal ions (Mg
2+
 and Zn
2+
) need to fold first then carry out 
the cleavage reaction sequentially. This might explain while Pb
2+
 can induce the fastest cleavage 
reaction and this observation serves as a first example for a key-and-lock conformation match 
model for the DNAzyme function. Furthermore, similar results have been found for the UO2
2+
 
DNAzyme 39E, which the most active metal ion UO2
2+
 or less active metal ion Pb
2+
 does not 
induce the folding at optimal ionic strength, while other inactive metal ions (e.g. Mg
2+
 and Zn
2+
) 
will lead to a specific global folding. In this sense, the results suggest a possibility that UO2
2+
 can 
fit directly into the initial conformation of the DNAzyme at optimal ionic strength while the Mg
2+ 
and Zn
2+
 induced extra folding into a misfold conformation which UO2
2+
 cannot fit well, therefore 
inhibiting the UO2
2+
 cleavage function. However, there is another big difference in the specific 
folding pattern between the Pb
2+ 
DNAzyme 8-17 and UO2
2+
 DNAzyme 39E in response to Mg
2+
 
and Zn
2+
 although they share the similar three-way junction structure, analogous to hammerhead 
ribozyme. In Pb
2+
 DNAzyme 8-17, one of the linear stem (stem III) folds to the other two stems 
(one is linear and the other is stem-loop), while in UO2
2+
 DNAzyme 39E, the loop stem (Stem II) 
will fold to the other two linear stems. 
 
 
Figure 7.1 The folding schemes of the UO2
2+
-specific DNAzyme 39E and the Pb
2+
-specific DNAzyme 8-
17 in response to different metal ions. a) The 39E/substrate sequence used in these FRET experiments; b) 
The folding scheme of the UO2
2+
-specific DNAzyme 39E/substrate; d) The sequence of the 8-17/substrate 
sequence used in these FRET experiments; d) The folding scheme of the Pb
2+
-specific DNAzyme 8-
17/substrate. The enzyme strand is shown in green and the substrate strand is shown in black. 
 
Based on those distinct results for the two DNAzymes, there might be no universal 
folding model for all the DNAzymes. So it is possible to observe some new folding patterns for 
another DNAzyme system. Then Pb
2+
 DNAzyme GR_5 becomes the next target of interest. It is 
the first DNAzyme selected by Ronald Breaker and Gerald Joyce.[30] It has superior sensitivity 
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for Pb
2+
 and outstanding selectivity over other metal ions. In comparison to the sensor based on 
Pb
2+
 DNAzyme 8-17,[31] the sensor based on Pb
2+
 DNAzyme GR_5[32-33] has minimum 
interference from Zn
2+
, which makes it a promising candidate as a senor for Pb
2+
 detection in the 
paint application where high Zn
2+
 percentage interfere. Although the results from the previous 
two DNAzymes all point out the most active metal ions do not induce folding concomitant with 
the cleavage reaction, we still hope to observe one example that the most active metal ions might 
initiate the conformation change. In addition, the conformational change of this DNAzyme might 
be related to the mechanism for higher Pb
2+
 selectivity against Zn
2+
, which might provide 
valuable information for selectivity improvement of DNAzyme sensors. 
 
7.2. Experimental 
7.2.1. Materials 
All oligonucleotides were ordered from Integrated DNA Technologies Inc (Coralville, IA, 
USA) with HPLC purification. All other chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) without further purification.  
7.2.2. Experiments 
7.2.2.1. Ensemble FRET 
In order to ensure equal ratio of donor labeled substrate and acceptor labeled enzyme 
strands, Native gel is used to purify the hybridized substrate and enzyme complex from the excess 
substrate or enzyme strand. For each purification, 10 µM of donor (Cy3) labeled substrate strand 
and 10 µM acceptor (Cy5) labeled enzyme strand were annealed in buffer (tried different buffer 
condition, referred to the results and discussion section, the final optimized condition is 50 mM 
NaCl, 2 mM MgCl2, 50 mM Tris Acetate, pH 7.5) at 80°C water bath for 1 min and cooled down 
to room temperature gradually (2 hours). The annealed complex was further cooled down in 4°C 
cold room for another 30 min and then separated using 16% polyacrylamide native gel (4 W 
power, 10 hours, 4 °C, running buffer: 50 mM NaCl and 50 mM Tris Acetate, pH 8.0). The 
annealed complex appeared as a purple band due to the large amount of coexistence of both 
flurophores (one appear pink color and the other is blue). The gel band was cut, crushed and 
soaked in the buffer solution (tried different buffer condition, referred to the results and 
discussion section, the final optimized condition is 50 mM Na-4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Na-HEPES), pH 7.0, 2 mM MgCl2) on the shaker for 3 hours.  
The DNA samples were then recovered from the supernatant after centrifugation. For 
each FRET experiment, this native-gel-purified DNAzyme/substrate complex concentration was 
diluted to ~ 100 nM with the same soaking buffer. Upon addition of concentrated metal ion 
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solutions, the fluorescence emission spectroscopy for both Cy3 and Cy5 was collected at each 
metal ion concentration with polarization angle at 54.7° for the emission spectrum. The excitation 
wavelengths for Cy3 and Cy5 were 513 nm and 648 nm respectively. FRET efficiency is 
calculated using (ratio)A method.[34] 
7.2.2.2. Activity assays with 32P labeled substrate 
For single turnover condition activity assay, 2 nM (2X) 
32
P labeled cleavable substrate 
(containing one rA base at the cleavage site) and 4 µM (2X) enzyme were prepared in a 2X buffer 
containing 1 M NaCl, 1 M KCl, 100 mM MgCl2 and 100 mM Na-HEPES, pH 7, annealed in 
boiling water bath for 1 min and cooled down to room temperature slowly. Then equal volume of 
200 µM Pb(OAc)2 (2X) was added to the annealed complex to initiate the cleavage reaction, so 
the final concentration for annealed complex was 1 nM sububstrate /2 µM enzyme and the 
Pb(OAc)2 concentration is 100 µM. Aliquots of the reaction solution was taken into a stop 
solution (8 M urea, 50 mM EDTA, 0.05% xylene cyanol, and 0.05% bromophenol blue) to 
quench the reaction at different time points. The fraction of cleavage is checked by passing the 
reaction products at different time points through 20% polyacrylamide denature gel. The gel was 
scanned on a phosphor-imager (Storm 840, GE healthcare Life Science) and processed by the 
Molecular Dynamics software (Image Quant 5.2). The cleavage fraction curve was plotted and 
fitted using software SigmaPlot by nonlinear regression using the equation of  
 0 1 exp( )y y a k t       
where y is the cleavage rate at time t, y0 is the cleavage rate at t=0, a is the cleavage rate at t=∞ 
and k is the observed rate constant (kobs). 
7.2.2.3. Activity assays with 5' Cy3 labeled substrate 
For the activity assay using fluorophore labeled substrate, 2 µM (2X) 5' Cy3 labeled 
cleavable substrate (containing one rA base at the cleavage site) and 2 µM (2X) 5' Cy5 labeled 
enzyme were annealed in a 2X buffer containing 1 M NaCl, 1 M KCl, 100 mM MgCl2 and 100 
mM Na-HEPES, pH 7 in 80°C water bath for 1 min and cooled down to room temperature slowly. 
Then equal volume of 200 µM Pb(OAc)2 (2X) was added to the annealed complex to initiate the 
cleavage reaction, so the final concentration for annealed complex was 1 µM and the Pb(OAc)2 
concentration is 100 µM. Aliquots of the reaction solution was taken into a stop solution (8 M 
urea, 50 mM EDTA, two indicating dyes were not added for the fluorophore labeled substrate 
activity case to avoid the interference from dyes) to quench the reaction at different time points. 
The fraction of cleavage is checked by passing the reaction products at different time points 
through 20% polyacrylamide denature gel. The gel was imaged on a phosphor-imager (FLA-3000, 
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Fujifilm) and analyzed by the FUJIFILM software (Image Gauge V3.12). Similar nonlinear 
regression equation in SigmaPlot is used for obtaining the kobs.  
7.3. Results and discussion 
7.3.1. FRET construct design 
The original DNAzyme and substrate sequences (as shown in Figure 7.2a) were first 
used for FRET study.[30] The Pb
2+
 dependent activity assay results using 
32
P labeled substrate in 
the original buffer (0.5 M NaCl, 0.5 M KCl, 0.05 M MgCl2, 0.05 M HEPES-Na, pH 7.0) under 
single turnover condition are shown in Figure 7.3. With the increase of Pb
2+
 concentration, the 
cleavage reaction rate increases (kobs = 1.00 ± 0.04, 2.1 ± 0.1 and 2.9 ± 0.1 min
-1
 for 20, 50 and 
100 µM, respectively). For the kobs values, it is found that this DNAzyme can induce fast cleavage 
reaction in the presence of Pb
2+
.  
 
 
Figure 7.2 The DNAzyme/substrate complex sequence and fluorophore labeling positions for FRET study: 
A) The original GR_5 Pb
2+ 
DNAzyme sequence, a rA base in the substrate strand is shown in red, which is 
the cleavage site. The substrate strand is shown in black and the enzyme strand is shown in green. B) The 
GR_5 Pb
2+ 
DNAzyme sequence with 5' end fluorophore modifications for FRET study (Cy3 and Cy5 are 
labeled onto the 5' end of substrate and enzyme strands, respectively). C) The extended GR_5 3+3 Pb
2+
 
DNAzyme sequence (3 base pairs extension on both side are shown in orange), an rA base in the substrate 
strand is shown in red and the arrow indicates the cleavage site; D) The extended GR_5 3+3 Pb
2+
 
DNAzyme sequence with 5' end fluorophore modifications for FRET study (Cy3 and Cy5 are labeled onto 
the 5' end of substrate and enzyme strands respectively). E) The extended GR_5 3+3 Pb
2+
 DNAzyme 
sequence with internal fluorophore modifications for FRET study (Cy3 is labeled onto the 5' end of 
substrate and Cy5 is labeled between 16T and 17A in the loop of the enzyme strands). F) The extended 
GR_5 3+3 Pb
2+
 DNAzyme sequence with internal fluorophore modifications for FRET study (Cy3 is 
labeled onto the 5' end of substrate and Cy5 is labeled vial a C6 linker on 16T (NHS ester) in the loop of 
the enzyme strands). For the constructs shown in (E) and (F), different labeling strategies are used.  
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Figure 7.3 Pb
2+
 dependent activity assay using 
32
P labeled original GR_5 substrate under single turnover 
condition in a buffer containing 0.5 M NaCl, 0.5 M KCl, 50 mM MgCl2 and 50 mM Na-HEPES, 
pH 7. The substrate concentration is 1 nM and the DNAzyme concentration is 2 µM.  
 
7.3.1.1. Optimization of the buffer condition 
At first, Cy3 and Cy5 are labeled at the 5' end of substrate and enzyme respectively, as 
shown in Figure 7.2B. The ionic strength of the original selection buffer (0.5 M NaCl, 0.5 M KCl, 
0.05 M MgCl2, 0.05 M HEPES-Na, pH 7.0) is very high. DNA complex migrates very slowly on 
native gel at a high ionic strength, resulting in a poor separation. In addition, DNA complex form 
a compact conformation at high ionic strength, which will affect the observation of any further 
folding by adding Pb
2+
. The initial attempt is to reduce the buffer ionic strength requirement 
while maintaining the majority of cleavage activity. According to other group member’s results, 
GR_5 DNAzyme can maintain its activity even at a reduced buffer condition of 100 mM Na
+
. As 
a result, the native gel purification buffer was chosen to be 100 mM NaCl and 50 mM Tris-
Acetate, pH 8.0, while the DNAzyme/substrate complex was annealed in a buffer containing 100 
mM NaCl and 50 mM Tris-Acetate, pH 7.5. The gel is scanned at both 532 nm and 633 nm to 
check the purification efficiency by referring the complex migration position to those of the 5' 
Cy3 substrate alone and 5' Cy5 enzyme alone control strand (images are shown in Figure 7.4). 
The complex has a higher molecular weight, so it migrates slower than the two individual single-
stranded DNA. There are several bands showing up in the complex lane, the one of highest 
intensity and fastest migration position is the expected 1:1 substrate and enzyme complex. It 
migrates slowly than the controls, indicating a complex formation. Other bands migrate slowly 
than this band, which are attributed as dimer and even more complex formation with a small 
population. These complex structures are beyond our scope of interest. But unlike as the purified 
1:1 substrate/enzyme complex bands in the previous 39E DNAzyme studies, the compelx band 
here does not show up as a homogeneous purple band, but two separate bands (one is pink and 
183 
 
the other is blue). It seems that the complex forms initially, so migrating at a slower rate 
compared to the substrate and enzyme only control, but some of them get dehybridized later into 
two separate strands due to the stability issue. This phenomenon has been observed for several 
times, which suggests the secondary structure formation at this buffer condition may be not very 
stable.  
 
 
Figure 7.4 Native gel image for GR_5 DNAzyme/complex in 100 mM Na
+
 condition (100 mM NaCl and 
50 mM Tris Acetate, pH 8.0).The image on the left is scanned at 532 nm excitation (for Cy3 signal) and the 
one on the right is scanned at 633 nm excitation (for Cy5 signal). So 5' Cy3 GR_5 substrate control strand 
is shown in the 532 nm image while the 5' Cy5 GR_5 enzyme control strand appears in the 633 nm image. 
Compared to the substrate and enzyme only control, the complex appears of slower migration speed. 
Several bands (about 5 are visible) show up in the complex lane. The darkest band is attributed to the 1:1 
ratio of substrate and enzyme hybridized complex. The other bands which move slower than this band, are 
attributed as dimer or other more complex formation. 
 
Then mfold software (a software for predicting the secondary structure and stability of a 
given sequence of nucleic acids)[35] is used to predict the secondary structure. There are two 
possible secondary structures for a cis-cleaving construct formed by the GR_5 substrate and 
DNAzyme with a AAAA link between the 3' end of substrate and 5' end of DNAzyme in the 
presence of 100 mM Na
+
 at 10°C (shown in Figure 7.5). Of them, the first structure is the 
expected 1:1 substrate/enzyme complex with slightly more negative ∆G than the other structure.  
Since the difference in the melting temperature (Tm) is rather small between the two secondary 
structures, it is necessary to vary the sequence or buffer condition to improve the stability of the 
expected 1:1 substrate/enzyme to make it as a dominant conformation.  
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Figure 7.5 Secondary structures for a cis-cleaving GR_5 DNAzyme/substrate complex (with a AAAA 
linkage between the 3' end of substrate and 5' end of enzyme strand in the presence of 100 mM Na
+
 at 
10 °C) predicted by mfold software. There are two major secondary structures. And the expected 1:1 
substrate / enzyme complex (the one on the left), show more negative ∆G, appearing more stable; the other 
secondary structures with a similar melting temperature (Tm), is still possible to form with a certain 
population. 
 
7.3.1.2. Extended GR_5 (3+3) DNAzyme 
The stabilities of the designed complex with several nucleotides removed or added on the 
hybridized stem are calculated by mfold. Among them, a 3+3 modification (three extra base pairs 
are added on both the 5' and 3'ends of the substrate and enzyme strands, sequence is shown in 
Figure 7.2C) provides greater stability difference between the expected 1:1 substrate/enzyme 
complex and other undesired secondary structure (mfold result is shown in Figure 7.6). The 
expected 1:1 complex (structure 1 in Figure 7.6) has a Tm of 50 °C, ∆G = -21.67 kcal/mole while 
the other secondaray structure (structure 2 in Figure 7.6) has a Tm of 44.3 °C, ∆G = -12.86 
kcal/mol. In this case, the 1:1 complex can form a more stable and dominant population.  
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Figure 7.6 Secondary structures for a cis-cleaving GR_5 3+3 DNAzyme/substrate complex (both the 
substrate and enzyme strands are elongated by three base pairs at the 5' and 3' ends) were predicted by 
mfold software (a AAAA linkage between the 3' end of substrate and 5' end of enzyme strand in the 
presence of 100 mM Na
+
 at 10 °C). There are two major secondary structures, of which the first one, the 
expected 1:1 substrate / enzyme complex, show more negative ∆G and higher Tm, appearing more stable. 
 
Native gel purification was used to check the similarity in the secondary structures 
formed in the annealing buffers of different ionic strengths (results are shown in Figure 7.7). In 
this result, 2 µM 5' Cy3 labeled GR_5 3+3 substrate and 2 µM 5' Cy5 labeled GR_5 3+3 enzyme 
(sequence is shown in Figure 7.1D) were annealed in three different buffers, 50 mM Na
+
 (50 mM 
Na-HEPES, pH 7.0), 100 mM Na
+
 (50 mM Na-HEPES, pH 7.0 and 50 mM NaCl), and full 
strength (0.5 M NaCl, 0.5 M KCl, 0.05 M MgCl2, 0.05 M HEPES-Na, pH 7.0). The running 
buffer condition for native gel is 50 mM NaCl and 50 mM Tris-Acetate, pH 8.0. The complex 
bands in the three ionic condition show almost identical pattern and migration position. The 
complex band in full strength buffer shows a higher population of 1:1 complex (the band is 
broader and darker) than the structures of higher orders (such as dimers, faint and less bands 
above the 1:1 complex band). In this sense, the DNAzyme/substrate complex might remain the 
same conformation in the lower ionic strength buffer, without the need for the high ionic strength 
of original selection buffer condition. In addition, the complex band appear in a one band form, 
not as a partially dehybridized form, indicating this 3+3 construct is sufficiently stable to survive 
native gel purification process.  
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Figure 7.7 Native gel images to compare the secondary structures of GR_5 3+3 DNAzyme/substrate at 
different ionic strength. The DNAzyme and substrate are 2 µM, respectively. Three ionic strength 
conditions are 50 mM Na
+
 (50 mM Na-HEPES, pH 7.0), 100 mM Na
+
 (50 mM Na-HEPES, pH 7.0 and 50 
mM NaCl), and full strength (0.5 M NaCl, 0.5 M KCl, 0.05 M MgCl2, 0.05 M HEPES-Na, pH 7.0). The 
running buffer for the native gel contains 50 mM NaCl and 50 mM Tris-Acetate, pH 8.0. The gel is 
scanned at both 532 nm and 633 nm in order to compare the migration of the 1:1 ratio complex to the 
migrations of 5' Cy3 labeled GR_5 3+3 substrate and 5' Cy5 labeled GR_5 3+3 enzyme alone controls. The 
complexes form identical migration patterns under different ionic strength buffer condition. 
 
Although the native gel results have verified the similarity in the structures formed in 
buffers of different ionic strengths, it is still necessary to test whether the cleavage rates in buffers 
of different ionic strengths are comparable. The activity of the fluorophore labeled GR_5 3+3 
DNAzyme/substrate (Cy3 and Cy5 are labeled onto the 5' end of GR_5 3+3 substrate and enzyme 
respectively) were measured in the presence of 100 µM Pb
2+ 
in buffers of three different ionic 
strengths: 50 mM Na
+
 (50 mM Na-HEPES, pH 7.0), 100 mM Na
+
 (50 mM Na-HEPES, pH 7.0 
and 50 mM NaCl), and full strength (0.5 M NaCl, 0.5 M KCl, 0.05 M MgCl2, and 0.05 M 
HEPES-Na, pH 7.0). As shown in Figure 7.8, the general trends and final cleavage fractions are 
similar for the three conditions, which might suggest that the DNAzyme/substrate complex 
retains the similar cleavage activity even at a buffer of reduced ionic strength. The kobs for full 
strength and 100 mM Na
+
 conditions are 3.7 ± 0.4 min
-1
 and 7 ± 1 min
-1
. In the case of 50 mM 
Na
+
, the fitting failed to generate a reasonable kobs value. Since the cleavage reaction is too fast in 
the presence of 100 µM Pb
2+
, the absolute kobs value is not very reliable for fair comparison. But 
from the slopes of the cleavage curves and the cleavage fractions at certain time points, the 
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cleavage rate increases with the decrease of the ionic strength of the buffer. Based on the 
similarity in conformation from native gel image and enzymatic activity from activity assays for 
the GR_5 3+3 DNAzyme at different ionic strength buffer conditions, 50 mM Na
+
 condition was 
chosen for further FRET experiment.  
 
 
Figure 7.8 Cleavage reaction rate comparisons in buffers of different ionic strengths (50 mM Na
+
, 100 mM 
Na
+
 and full strength) using fluorophore labeled GR_5 3+3 DNAzyme/substrate complex in the presence of 
100 µM Pb
2+
. At the three conditions, the cleavage rates are all very fast and comparable. Due to the 
cleavage rate at 100 µM Pb
2+
 is too fast, the absolute fitting result for kobs is not very reliable for fair 
comparison. And in the case of 50 mM Na
+
, the fitting cannot generate a reasonable value for kobs. 
 
7.3.1.3. Mutagenesis studies for internal Cy5 modification 
In addition to study the conformation change between the two linear stem in the presence 
of divalent metal ions, it is also very important to study interactions between the linear stems and 
the loop stem, since the DNAzyme/substrate complex has a three-way junction structure. For the 
UO2
2+
 specific DNAzyme 39E, it is found the loop region (Stem II) folds to the other two linear 
stem (Stem I and Stem III) in the presence of Mg
2+
 and Zn
2+
 (as shown in Figure 7.1B).  The 
internal fluorophore labeling location should be as close to the center of the loop as possible and 
have minimal interference to its enzymatic activity. For this purpose, the site-specific 
mutagenesis method is used to test the conservativeness of each base in the loop range to locate 
an appropriate position for internal modification.   
In the loop region, four regions are defined, shown in red square boxes in Figure 7.9 
according to the sequence alignment of the selection paper.[30] Both site specific mutagenesis 
and deletion are attempted (the mutant loop sequences and the kobs results are shown in Table 7.1).  
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Figure 7.9 Summary of mutagenesis studies of the loop region of the GR_5 DNAzyme. According to the 
selection paper for this DNAzyme, four regions are defined, as shown in the red boxes. Among them, core 
1 and core 2 has more conserved based.   Both site specific mutagenesis and deletion are attempted (the 
mutant loop sequences are shown in Table 7.1). The bases shown in green color are conserve bases and 
those in orange color still maintain a certain degree of activity after mutated. 
 
Table 7.1 Sequences and kobs values for GR_5 Pb
2+
 DNAzyme loop mutant studies (site-specific and short 
deletion mutagenesis) in the full strength buffer. Original GR_5 Pb
2+
 DNAzyme has kobs value of 4.0 ± 0.3 
min
-1
 measured at the same condition. 
 
# Name Loop sequence kobs 
(min-1) 
# Name Loop sequence kobs 
(min-1) 
1 22GC GAA GTA GCG 
CCG CCC 
slow 2 21CG GAA GTA GCG 
CCG CGG 
slow 
3 14GC GAA GTA CCG 
CCG CCG 
slow 4 13AC GAA GTC GCG 
CCG CCG 
0.37 ± 
0.04 
5 19GC GAA GTA GCG 
CCC CCG 
0.11 ± 
0.01 
6 8GT TAA GTA GCG 
CCG CCG 
0.28 ± 
0.03 
7 8GC CAA GTA GCG 
CCG CCG 
0.30 ± 
0.03 
8 15CG GAA GTA 
GGG CCG CCG 
slow 
9 12TA GAA GAA 
GCG CCG CCG 
0.21 ± 
0.02 
10 Core 
2 
no G 
GA AGT AGC 
GCC GCC 
slow 
11 Core 2 
no C 
GA AGT AGC 
GCC GCG 
slow 12 16GC GAA GTA GCC 
CCG CCG 
slow 
13 11GC GAA CTA GCG 
CCG CCG 
slow 14 17CG GAA GTA GCG 
GCG CCG 
slow 
15 18CG GAA GTA GCG 
CGG CCG 
0.13 ± 
0.03 
16 9AT GTA GTA GCG 
CCG CCG 
1.5 ± 
0.2 
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(Table 7.1 cont.) 
17 20CG GAA GTA 
GCG CCG 
GCG 
0.066 ± 
0.007 
18 10AT GAT GTA 
GCG CCG 
CCG 
slow 
19 8GT9AC TCA GTA 
GCG CCG 
CCG 
slow 20 Core 1 
no AG 
GAA GTC 
GCC GCC G 
slow 
21 Core 1 
No CG 
GAA GTA 
GCC GCC G 
 
slow 22 No 
CCGC 
GAA GTA 
GCG CG 
 
slow 
23 No 
GAAGT 
AGC GCC 
GCC G 
slow     
 
The activity assays are done under single turn-over condition with 
32
P labeled GR_5 
substrate in full strength buffer(0.5 M NaCl, 0.5 M KCl, 0.05 M MgCl2, and 0.05 M HEPES-Na, 
pH 7.0) in the presence of 100 µM Pb
2+
 (gel images are shown in Figure 7.10). During the initial 
screen, only mutants 4, 5, 6, 7, 9, 15, 16, 17 and 18 (Table 7.1) show substantial cleavage 
products in 30 min reaction time. These fast mutants (colored in orange in Figure 7.9) are chosen 
for further screen while the rest of the mutants are considered as the conserved bases (colored in 
green in Figure 7.9). The kobs values are 0.37 ± 0.04, 0.11 ± 0.01, 0.28 ± 0.03, 0.30 ± 0.03, 0.21 ± 
0.02, 0.13 ± 0.03, 1.5 ± 0.2, 0.066 ± 0.007, 4.0 ± 0.3 min
-1
 for mutant 4, 5, 6, 7, 9, 15, 16, 17 and 
original GR_5 DNAzyme, respectively. Those mutants show significant slower cleavage rate than 
the original DNAzyme. Although mutant 16 (9AT) shows fastest cleavage rate, its position is a 
little far away from the center of the loop. Mutant 4 (13AC, A is mutated to C at the 13
rd
 position 
from 5' end of enzyme) and 9 (12TA, T is mutated to A at the 12
nd
 position from 5' end of enzyme) 
show relatively high cleavage rate and their positions are closer to the center of the big loop, so 
these two positions are chosen as candidate positions for internal fluorophore labeling.  
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Figure 7.10 Screen loop mutant activities using 
32
P labeled GR_5 substrate in the full strength buffer in the 
presence of 100 µM Pb
2+
. Within 30 mins, mutants 4, 5, 6, 7, 9, 15, 16, 17, 18 show cleavage products. 
Other base mutants show little cleavage response, which are categorized into conserved based. Further 
screen should be carried out among those fast response mutants 
 
7.3.1.4. Labeling chemistries for internal Cy5 modification 
The internal fluorophore modification from Integrated DNA Technologies (Coralville, IA) 
lies between two adjacent bases (labeling scheme is shown in Figure 7.2E), in which case the 
fluorophore attachment is more bulky due to the fixation from two adjacent anchors. The activity 
of internal labeled enzyme with this strategy is checked with 5  ´ Cy3 labeled GR_5 3+3 rA 
substrate in the buffer containing 50 mM Na
+
 and 2 mM Mg
2+
 in the presence of 100 µM Pb
2+
. 
For comparison, the activities of no labeled and 5' Cy5 labeled GR_5 3+3 DNAzymes are also 
measured at the same condition. As shown in Figure 7.11A, no labeled  and 5' Cy5 labeled GR_5 
3+3 can induce similar cleavage reaction while very faint cleavage products were observed for 
the iCy5 labeled GR_5 3+3 16T17A even at 10 mins. Here 16/17 is a different naming but 
referring to the same position of 12/13 in the mutagenesis study. For 16/17, the numbering starts 
from the first nucleotide from the 5' end of GR_5 3+3 DNAzyme, as shown in Figure 7.2E. For 
12/13, the numbering starts from the second nucleotide from the 5' end of the GR_5 DNAzyme, 
as shown in Figure 7.9. It proves that 5' Cy5 modification cause litter interference to the catalytic 
function while the internal flurophore inserted between two base pairs greatly affects the catalytic 
activity.  
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Figure 7.11 Activity assay for two labeling strategies of iCy5 labeled GR_5 3+3 DNAzyme: A) iCy5 
labeled GR_5 3+3 16T17A DNAzyme, B) iCy5 labeled GR_5 3+3 16T (NHS ester). Activity assay for 
iCy5 labeled GR_5 3+3  DNAzyme using 5' Cy3 labeled GR_5 3+3 substrate in the buffer containing 50 
mM Na
+
 and 2 mM Mg
2+
 in the prescence of 100 µM Pb
2+
. For comparison, activities for GR_5 3+3 
DNAzyme, 5' Cy5 labeled GR_5 3+3 DNAzyme at the same conditions are shown. 
 
The internal fluorohore modification from Trilink BioTechnologies (San Diego, CA) is 
attached to the NHS ester of single nucleotide with a C6 linker (labeling scheme is shown in 
Figure 7.2F). The coupling chemistry is expected to be more flexible compared with the insertion 
between the two base pairs. The cleavage activity of the internal Cy5 labeled GR_5 3+3 
DNAzyme using this NHS ester labeling chemistry is shown in Figure 7.11B. Due to the gel 
problem, the lower cleaved products get a little smear. Although quantification may not be 
accurate, the cleavage rate can still be roughly compared. The internal Cy5 labeled GR_5 3+3 
DNAzyme using NHS ester chemistry, are capable of inducing similar cleavage rate as no labeled 
and 5' Cy5 labeled DNAzyme, indicating the labeling chemistry onto the individual nucleotide 
16T has little interference with the GR_5 3+3 DNAzyme catalytic property. And this internal Cy5 
modified GR_5 3+3 DNAzyme are suitable for the FRET experiments.  
7.3.2. FRET study 
7.3.2.1. FRET experiment at 50 mM Na+  
First FRET experiment is done at 50 mM Na-HEPES (pH 7.0) condition with the end 
labeled construct (5' Cy3 GR_5 3+3 substrate and 5' Cy5 GR_5 3+3 DNAzyme), as shown in 
Figure 7.2D. At this buffer condition, the 1:1 substrate and enzyme complex can be well 
separated from the unhybridized substrate and enzyme. The gel image is shown in Figure 7.12. 
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Figure 7.12 The image of native gel purification for 5' Cy3 GR_5 3+3 substrate and 5' Cy5 GR_5 3+3 
DNAzyme in 50 mM Na
+
 buffer. Compared with the 5' Cy3 GR_5 3+3 substrand and 5' Cy5 GR_5 3+3 
enzyme only control, the complex show a slow migration. The major band appears as a single purple band, 
indicating the complex is very stable without dehybridization into substrate and enzyme strands. And the 
band was cutted which leave an empty space in the images.  
 
The FRET efficiency (EFRET)-metal ion concentration (Mg
2+
, Zn
2+
, and Pb
2+
) curves are 
shown in Figure 7.13. The Pb
2+
 concentration is limited to the range of 0 to 200 µM, because 
higher Pb
2+
 concentration range might have precipitation issue. There is a folding process 
indicated by the increase trend of EFRET with metal ion concentration in all the three titrations. In 
the case of Mg
2+
 and Zn
2+
, the EFRET folding curve show a saturation trend with dissociation 
constant (Kd) fitted to be 4.1 ± 0.7 mM and 1.2 ± 0.3 for Mg
2+
 and Zn
2+
 titrations, respectively. In 
the Pb
2+
 titration case, EFRET increases fast at the beginning. There is a turning point around 10 
µM, after that, the EFRET keeps increasing with a slower rate. It seems to be a two-step process. If 
the same equation as the Mg
2+
 can Zn
2+
 case is used to fit the Pb
2+
 curve, it fails to provide a 
reasonable Kd value.  
 
 
Figure 7.13 EFRET - [M
2+
] (M
2+
: (Mg
2+
, Zn
2+
 and Pb
2+
)) plots for GR_5 3+3 5' Cy3 substrate and 5' Cy5 
DNAzyme complex  in 50 mM Na
+
 buffer condition. 
 
According to FRET study of 39E DNAzyme/substrate complex system, divalent metal 
ions also play nonspecific charge screening function in the low ionic strength buffer condition. So 
193 
 
the folding trends that we have observed during Mg
2+
, Zn
2+
 and Pb
2+
 titrations in 50 mM Na
+
 
condition might not be a strong evidence for specific binding since the 50 mm Na
+
 is a low ionic 
strength condition. The original selection buffer contains very high ionic strength (0.5 M NaCl, 
0.5 M KCl, 0.05 M MgCl2, 0.05 M HEPES-Na, pH 7.0), but it is very difficult to observe further 
induced folding starting at such high ionic strength buffer. In addition, low concentration of Mg
2+
 
is reported to be potent to support a certain degree of folding. So it is chosen to add 2 mM Mg
2+
 
to 50 mM Na
+
 buffer for the following FRET experiments.  
7.3.2.2. FRET experiments in a buffer containing 50 mM Na+ and 2 mM Mg2+ 
Two fluorophore labeled DNAzyme complexes are used for FRET experiment: 5' Cy3 
labeled GR_5 3+3 substrate and 5' Cy5 labeled GR_5 3+3 DNAzyme (Figure 7.2D); 5' Cy3 
labeled GR_5 3+3 substrate and internal Cy5 labeled on the GR_5 3+3 DNAzyme (Figure 7.2F).  
Fluorescent spectra for 5' Cy3 GR_5 3+3 substrate and 5' Cy5 GR_5 3+3 DNAzyme in 
50 mM Na
+
 and 2 mM Mg
2+
 buffer for different metal ion (Mg
2+
, Zn
2+
 and Pb
2+
) titrations are 
shown in Figure 7.14A. The initial EFRET for all three titrations are about 0.28, much higher than 
those initial EFRET value (0.10) observed in 50 mM Na
+
 buffer, which means that the addition of 2 
mM Mg
2+
 is effective to increase the ionic strength to make the DNAzyme more compact. For 
Zn
2+
 titration, the EFRET-[Zn
2+
] curve shows a generally increasing trend, but different from the 
standard folding trend, with more fluctuation at the lower concentration range. For Mg
2+
 and Pb
2+
 
titration, the folding trend in EFRET-[M
2+
] looks similar to those observed under 50 mM Na
+
 alone 
condition. A clear folding curve is observed in the Mg
2+
 and Pb
2+
 case with the fitted dissociation 
constant (Kd) of 4 ± 2 and 0.04 ± 0.01 mM respectively. The Pb
2+
 result still shows a two-step 
unsaturated increasing trend.  
Fluorescent spectra for 5' Cy3 GR_5 3+3 substrate and internal Cy5 GR_5 3+3 
DNAzyme in 50 mM Na
+
 and 2 mM Mg
2+
 buffer for different metal ion (Mg
2+
, Zn
2+
 and Pb
2+
) 
titrations are shown in Figure 7.14B. The initial EFRET is around 0.57 to 0.65, much higher than 
that of the 5' Cy3 substrate and 5' Cy5 enzyme (0.28) shown in Figure 7.14A. The high EFRET 
indicates the space between the loop and 5' substrate end stem is highly compact. Mg
2+
 and Zn
2+
 
cannot induce significant folding for this construct, in which the EFRET curve slight increase in the 
Mg
2+
 case and slightly decrease in the Zn
2+
 case. This is the first time to observe that Mg
2+
 and 
Zn
2+
 can induce conformational change in different directions, one leading to more compact and 
the other leading to less compact. Normally in 8-17 and 39E DNAzyme FRET study, Mg
2+
 and 
Zn
2+
 all induce the DNAzyme to fold between certain stems. Despite that Mg
2+
 and Zn
2+
 cannot 
induce folding for this construct, Pb
2+
 is able to induce similar folding as shown in the 5' Cy3 
GR_5 3+3 substrate and 5' Cy5 GR_5 3+3 DNAzyme case. And this increase is a clear two-step 
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increase trend with an even faster increasing second stage. This is an exciting result, because 
normally Pb
2+
 cannot induce folding even when Mg
2+
 can Zn
2+
 could. But here Pb
2+
 can induce 
folding in the case when Mg
2+
 and Zn
2+
 are not able to, suggesting a structural explanation for the 
specific Pb
2+
 recognition.  
 
 
Figure 7.14 EFRET - [M
2+
] (M
2+
: (Mg
2+
, Zn
2+
 and Pb
2+
)) plots for two fluorophore labeled GR_5 3+3 
complex in a buffer containing 50 mM Na
+
 plus 2 mM Mg
2+
: A) the construct with Cy3 and Cy5 labeled 
onto the 5' end of the substrate and enzyme strands, respectively (as shown in Figure 7.2D); The fitting 
curves are shown in red color. B) The construct with Cy3 labeled onto the 5' end of substrate and Cy5 
internal labeled on the enzyme (as shown in Figure 7.2F). 
 
7.3.3. Correlation of FRET events with cleavage activities  
The original GR_5 DNAzyme has been selected in pH 7.0 buffer condition, and the 
cleavage reaction rate is very fast. Using the fluorophore labeled DNAzyme construct (Cy3 and 
Cy5 are labeled onto the 5' end of GR_5 3+3 substrate and DNAzyme, respectively), the cleavage 
reaction rate is so fast even at low Pb
2+
 concentration, so no Pb
2+
 dependent activity trend is 
observed. In order to obtain a Pb
2+
 dependent activity trend to correlate with the Pb
2+
 induced 
conformational change from the FRET study, a pH dependent activity assay using fluorophore 
labeled DNAzyme construct  is done in order to find a pH range when the DNAzyme has slower 
activity (as shown in Figure 7.15). At all the three pH tested, the GR_5 3+3 constructs show a 
very fast cleavage rate. Its kobs values are 3.2 ± 0.7, 5 ± 2 and 6 ± 2 min
-1 
respectively. Maybe 
broader pH range should be further explored.  
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Figure 7.15 pH dependent activity of GR_5 3+3 with fluorophore modifications (Cy3 and Cy5 are labeled 
onto the 5' end of substrate and DNAzyme respectively) in a buffer containing 50 mM HEPES-Na and 2 
mM Mg
2+
 in the presence of 100 µM Pb
2+
: A) at pH 7.0, kobs is 3.2 ± 0.7 min
-1
. B) at pH 6.5, kobs is 5 ± 2 
min
-1
and C) at pH 6.0, kobs is 6 ± 2 min
-1
.  
 
7.4. Conclusions 
FRET method is used to study the metal ion induced conformational change of first Pb
2+
 
DNAzyme. In order to increase substrate and DNAzyme complex stability, a longer construct 
with three base pair elongation on both sides has been used. A reduced ionic strength (50 mM 
Na
+
 and 2 mM Mg
2+
) has been utilized to carry out all the fluorescent measurement. A position 
for incorporating fluorophore internally in the big loop has been located via mutagenesis studies.  
Among Mg
2+
, Zn
2+
 and Pb
2+
 that have been tested, only Pb
2+
 can induce consistent and significant 
FRET efficiency increase between the end-end stems and one of the end-loop stems (5' end of the 
substrate stem and loop stem). The folding scheme of this DNAzyme appears different from the 
folding results of the previous two DNAzymes (8-17E and 39E) that have been studied by FRET. 
It might lead to a new mechanism for interpreting the folding and cleavage activity relationship, 
that Pb
2+
 can trigger folding and induce the cleavage. For further activity assays, a buffer 
condition needs to be found to correlate the Pb
2+
 dependency in activity and folding. At current 
condition, Pb
2+
 cleavage rate is too fast in the micromolar range (corresponding to the folding 
concentration range), and the Pb
2+
 dependency activity curve is not obtainable.   
 
7.5. Future direction 
7.5.1. Find another pH condition which supports Pb2+ dependent activity trend 
Metal ion induced conformational changes are normally correlated with the metal ion 
dependent enzymatic activities. But in the GR_5 3+3 DNAzyme case, the cleavage reaction at  
different Pb
2+
 concentrations are too fast to catch. So the Pb
2+
 dependent activity trend is not 
observed. A strategy adopted in the 8-17 DNAzyme case is to choose another buffer pH condition 
with slower catalytic property.[24] Activities at three different pH have been tried, 7.0, 6.5 and 
6.0. But the cleavage reaction rate in the presence of 100 µM Pb
2+
 is still very fast. One 
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possibility is that 100 µM is already at the fast reaction concentration range, so no significant 
difference is observed at the three pH values. If so, activity assays at a lower Pb
2+
 concentration 
should be tested. But another way is to test the enzyme activity at broader pH range.  
7.5.2. FRET study on the loop-end stem interaction and the overall folding pattern 
In addition to the construct tried here with 5' Cy3 GR_5 3+3 substrate and internal Cy5 
GR_5 3+3 DNAzyme, another construct with 3' Cy3 GR_5 3+3 substrate and internal Cy5 GR_5 
3+3 DNAzyme should be tested. Combined the folding results for the three constructs, an overall 
folding pattern should be obtainable. It would be interesting to compare the folding pattern this 
GR_5 3+3 DNAzyme with the results from the other two DNAzymes, 8-17 and 39E. Maybe the 
GR_5 3+3 DNAzyme will follow a similar folding pathway as one of the previously studied 
DNAzymes. Maybe the GR_5 3+3 DNAzyme will adopt its own folding strategy, adding another 
folding pattern to the current DNAzyme folding repertoire.  
7.5.3. Single molecule FRET experiment using the internal Cy5 modification  
From the preliminary FRET results of the 5' Cy3 GR_5 3+3 substrate and internal Cy5 
GR_5 3+3 DNAzyme, it is found the initial EFRET values are very high, around 0.57 to 0.65. Such 
a high EFRET value is rarely observed in previous studied 8-17 or 39E DNAzymes. Normally the 
initial EFRET value is around 0.2 to 0.3. When the single molecule FRET method is applied on 8-
17 and 39E DNAzymes, it is difficult to differentiate the low initial EFRET from the donor leakage 
signal, and also the final EFRET change is small (since Cy3 labeled strand will be cleaved and 
released, leading to a EFRET decrease). But the GR_5 3+3 complex with 5' Cy3 labeled substrate 
and internal Cy5 labeled enzyme has a high initial EFRET value, serving as a good system for 
single molecule FRET study. With the time resolution of single molecule FRET, the Pb
2+
 induced 
activity kinetics and folding dynamics can be captured simultaneously.  
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